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IN THE UNITED STATES PATEIST AN1> TRADEMARK OmCE 
Patent Application No. 10/701,022 
Applicant: Anderson et al. 
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TC/AU: 1653 

Examiner: Anne Marie Sabrina Wehbe 

Docket No.: 219974 (Client Reference No. E-189-1989/3-US-04) 

Customer No.: 45733 

DECLARATION UNDER 37 CF.R. § 1.132 OF DR, STEVEN A. ROSENBERG 

1 . I, Steven A. Rosenberg, am a co-inventor of the subject matter disclosed and 
claimed in the above**identified patent application. 

2. I created the INF protocol which is described in the instant patent application as 
Example 4. Under my supervision, my laboratory canied out this protocol in at least one human 
patient. 

3. As described in Example 4 of the instant patent application, ihe TNF protocol 
comprises transducing a mixed population of cells obtained j&om a patient by adminislering to 
the population of cells a retroviral vector encoding a gene, le,, TNF, for expression of flie gene. 
The TNF protocol is not specific for the transducticn of T-lymphocytes. For instance, the 
retroviral vector used in the TNF protocol is not specifig for gene expression in T-lymphocytes, 
eg., it does nut contain a T-Iymphocyte-specific promoter, nor does the retroviral vdctor target a 
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T-l)Tnphocyte-8pccific molecule for infection. Further, since the retroviral vectors are 
administered to a mixed population of cells, it is likely that cells other than the T-lymphocytes of 
the mixed population are transduced. Therefore, the protocol conld be used for other cells, such 
as B-lymphocytes. 

4. The TOF protocol has been the basis for several other gene therapy clinical trial 
protocols using different genes and different cells. For ixistance, this protocol has been the basis 
for .the protocols used or being used in.cUnical trials for the following genes: IL-2, lL-15, lL-21, 
IFN-Y, and a T-cell receptor. Also, this protocol is tiiie basis for the protocol currently used in a 
gene therapy clinical trial with CD34'*" 3tera cells. 1 belicsvc that the protocol willwork in these 
stem cells. The Internal Review Board (IRB) of the National Cancer Institute (NCI) also 
believes that this protocol will work with CD34* stem cells, since the IRB approved of this 
protocol before the clinical trial began and, to my knowledge, the IRB would not approve of a 
protocol unless there is sufficient reason to believe that it will work. 

5. While 1 have not yet published the results of the TNF protocol, my laborator>' has 
obtained data to support that the TNF protocol was successful in providing a human patient with 
a therapeutically effective amount of TNF. This patient has survived for more than 10 years due 
to the TNF gene therapy. 

6. The TNF protocol was the basis for both of the protocol used in the gene therapy 
clinical trial of a T-cell receptor and the gene therapy clinical trial of lL-2. My laboratoxy has 
obtained data from both of these clinical trials indicatmg that therapeutically effective amounts 
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of the T-lymphocytes receptor or of IL-2 were providcd to the humans in the clinical trials. One 
patient in the T-lymphocytes receptor gene ther^y trial has survived for more than ten years due 
to the gene therapy. 

7. 1 hereby declare that all statements made herein of my owoti knowledge are true, that 
all statements made on information and beUef are believed to be true, that time, statements were 
made with the knowledge that willful false statements and the like so made are punishable by fine or 
imprisonment, or boft, tmder Section 1001 of Title 18 of the United States Code, and that such 
willful false statements may jeopardize the vaUdity of the appUcation or any patent issued thereon. 
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SIR: 

W. French Anderson declares as follows: 

1. He is one of the inventors of the referenced application. 

2. He has atuched hereto as Exhibit 1 a list of human gene 
therapy protocols, and to the best of his information and belief, the protocols 
listed as 1-38 have been approved by the Recombinant DNA Advisory 
Committee (RAC), a committee of the National Institutes of Health, All of 
such protocols (except for protocols No* 1-4, which are the protocols of the 
present application) were approved by the RAC after the above-named inventors 
had demonstrated the feasibility of human gene therapy through the ADA 
protocol of the present application. 

3. To the best of his information and belief, RAC approval of 
the human gene therapy protocols 5-38 was obtained in a time period, which 
on the average was six months or less whereas it took over 3 years to obtain 
RAC approval for Anderson's initial gene therapy protocol (protocol I, the 
ADA protocol of this application): April 24, 1987 (the date of the original 
pre-protocol submission to the Human Gene Therapy Subcommittee of the RAC) 



to July 31, 1990. Now, most protocols are approved after an approximately 
eight week RAC review, 

4. The approved protocols S-38 are directed to human gene 
therapy with a variety of DNA sequences, employing a variety of delivery 
vehicles, and are directed to both £2. vivo and id situ (in vivo^ transduction of 
human cells. Thus, for example, such protocols include the following: 

1. TNF, which is a secreted cytokine 

2. IL-2, a secreted lymphokine; 

3. LDL receptor, a membrane protein; 

4. TK, an activatable viral gene; 

5. HLA-B7, a cell surface antigen; 

6. HlV-gpl20, a surface antigen; 

7. IL-4, a cytokine; 

8. antisense-RAS, an antisense molecule to an oncogene; 

9. pS3, a tumor suppressor gene; 

10. CF, an integral membrane . transport protein; 

11. GM-CSF, a hematopoietic coloiiy-stimulating factor; 

12. gamma interferon, a cytokine; 

13. MDR, a membrane transport protein; 

14. glucocerebrosidase, an intracellular enzyme; 

15. mutated HIV, a viral protein; 

16. Rev, a viral transcription factor; 

17. anti-IGF-1, an antisense molecule to a cell growth factor; 

and 

18. ribozyme, an RNA-cleaving RNA molecule. 

In addition, the RAC-approved protocols encompass a wide variety 
of delivery means, such as retroviral vectors, adenovirus vectors, liposomes for 
delivery of plasmid DNA, and viral-producer cells. 



In addition, such RAC-approved protocols encompass both ex-vivo 
transduction and ia SLIll (in vivo^ transduction of cells. Thus, for example, the 
TK protocol involves the use of a producer cell, which transduces cells in vivo . 

The S CF protocols involve intratracheal or intranasal infusion of 
an adenovirus vector for transduction of cells in yiVQ> 

In addition, such RAC-approved protocols include a protocol for 
direct injection into a cancer mass for transduction of cells in vivo. 

5. To the best of his information and belief, the RAC does not 
approve a human gene therapy protocol unless there is a reasonable expectation 
of efficacy. In his opinion, the rapid approval of the human gene therapy 
protocols 5-38, in large part, resulted from the fact that the inventors of the 
present application had demonstrated the feasibility of human gene therapy 
through protocol 1, the ADA protocol of the present application. In particular, 
the demonstration of the feasibility of human gene therapy through the ADA 
protocol indicated that concerns, such as those raised by the Examiner on page 
3 of the Office Action in the present application, with respect to the 
inappropriateness of human gene therapy, had been obviated, whereby it was 
now possible for those skilled in the art to design and obtain RAC approval 
for a wide variety of human gene therapy protocols. 

6. Prior to the inventors demonstration of the feasibility of 
human gene therapy, there were no approved human gene therapy protocols. 
After such demonstration of the feasibility of human gene therapy, in a period 
of less than three years, there exists 37 additional approved human gene therapy 
protocols in the United States. In his opinion, the design and approval of such 
human gene therapy protocols was enabled by the inventors demonstration that 
human gene therapy is feasible. 



7. He has attached hereto as Exhibit 2 a summary of the 
Institutions involved with human gene therapy protocols. 

8. He has attached hereto as Exhibit 3 a graph which indicates 
the cumulative number of patients through the early part of 1993 who have 
received gene therapy. The first point on the therapy curve is the first patient 
on the ADA protocol of the present application. The graph of Exhibit 3 is 
incomplete in that it covers only to May 1, 1993, The graph illustrates the 
significant increase in human gene therapy patients, and the rapidity of such 
increase, after the inventors demonstrated the feasibility of human gene therapy. 

9. He declares that all statements made herein of his own 
knowledge are true and that all statements made on information and belief are 
believed to be true; and further that these statements were made with the 
knowledge that willful false statements and the. like so made are punishable by 
fine or imprisonment, or both, under Section . 1001 of Title 18 of the United 
States Code and that such willful false statements may jeopardize the validity 
of the application or any patent issuing thereon. 
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EXHIBIT 1 



Human Gene Therapy Clinical Protocols 

1. ADA Deficiency - NIH 

2. TNF/TiL/Melanoma - NIH 

3. TNF/ Cancer - NIH 

4. IL-2/ Cancer - NIH 

5. Liver LDL Receptor /FH - Univ. of Michigan 
6.. TK/Ovarian Cancer. - Univ. of Rochester 

7. HLA-B7 /Melanoma :1 - Univ. of Michigan 

8. CTL/TK/AIDS - Univ. of Washington 

9. iL-2 /Neuroblastoma - St. Jude 

10. TK Producer Cells/Brain Cancer - NIH 

11. lL-2 /Melanoma • Sloan-Kettering 

12. IL-2 /Renal Cell Cancer - Sloan Kettering 

13. HIV gpl20/AIDS:2 - Viagene 

14. IL-4/Cancer - Univ. of Pittsburgh 

15. Antisense Ras/p53/Lung Cancer - M.D. Anderson Hospital 

16. CF/Lung/Adenovector - NIH 

17. CF/Lung/Adenovector - Univ. of Michigan 

18. CF/Nasal Epithelivim/Adenovector - Univ. of Iowa 

19. TK Producer Cells/Brain cancer - Iowa Methodist 

20. GM-CSF/Renal Cell Cancer - Johns Hopkins 

21- CF/Lung/Adenovector - Univ. of Cincinnati 

22. CF/Lung/Adenovector - Univ. of North Carolina 

23. Gamma-Interferon/Melanoma - Duke University 

24. MDR/Ovarian Cancer - M.D. Anderson Hospital 

25. HLA-B7/ Cancer: 2 - Univ. of Michigan 

26. Glucocerebrosidase/ Gaucher - Univ. of Pittsburg 

27. Glucocerebrosidase/ Gaucher - NIH 

28. HIV-IT ( V) / Albs - Univ. of Southern California 

29. Rev-/AIDS - Univ. of Michigan 

30. TK Producer Cells/Pediatric Brain Cancer - CHLA 

31. MDR/Cancer - Columbia University 

32. Anti-IGF-l/Cancer - Case Western Reserve 

33. I 1-2 /Cancer • UCLA 

34. MDR/ Breast Cancer - NIH 

35. Il-2/Melanoroa - Univ. of Illinois 

36. Il-2/Small Cell Lung Cancer- Univ. of Miami 

37. TK Producer Cells/Pediatric Brain Tumor - St. Jude 

38. Ribozyme/AIDS - UCSD 



39. HIV gpl20/AIDS:l - Viagen 

40. Factor IX/ Hemophilia B - Fudan Univ., Shanghai (China) 

41. IL-2/Cancer University Hospital, Leiden (Netherlands) 
42! ADA Deficiency - San Raffaele Sci. Inst., Milan (Italy) 
43! ADA Deficiency - TNO, (The Netherlands + France, England) 



Date: 10/1/93 



EXHIBIIT 2 



SUMMARY 

Hiuaan Gene Marker/ Therapy Clinical Protocols 



Number of Marker Protocols: 21 
Number of Therapy Protocols: 43 
Total Number of Protocols: . 64 



Institutions: 29 



NIH 13 (5+8) 

St. Jude 7 (5+2) 

M.D. Anderson 5 (3+2) 

Univ* of Michigan 5 (0+5) 

Univ. of Washington 4 (3+1) 

Univ. of Pittsburgh 3 (1+2) 

Viagen 2 (0+2) 

Sloan-Kettering 2 (0+2) 

use 2 (0+2) 

UCLA 2 (1+1) 



One each: 

Marker: 

CLB, Lyon 
Indiana 

Baylor 



Therapy: 

Fudan University, Shanghai 
University Hospital, Leiden 
SHM, Milan 

TNO, The Netherlands (Eng, Fr) 

Univ .of Rochester 

Univ. of Iowa 

Iowa Methodist 

Johns Hopkins 

Univ. of Cincinnati 

Univ. of North Carolina 

Duke University 

Columbia University 

Case Western Reserve 

UC San Diego 

Univ. of Miami 

Univ. of Illinois, Chicago 
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becco's mirvTunr. essential mediijm (OMEM) in me 
preser>oe of polybrene (8 {ig/mQ as described (76). 
Cels wsshed twice in phosp^ate-bufTered saTne 
(P6$). resuspended in fresh medium, and cutured for 
3 to 4 days. Transduced eels were tested for the 
presence of hefper viais arxl cryopreserved untB use. 

36. BM moncmidear ceBs were obtaned as a FcoS frac- 
tion and grown for 2 to 3 days in complete DMEM at 
adensityofSx lottos x I0*cels/cm= [35). Tcefl 
depletion and progenitor eel enrichment were ob- 
tained as described (3, 35). Gene transfer was earned 
out by multiple Infection cycles v/ith cell-free, helper 
virus-tested \^ supematsnts in the presence of 
polybrene {8 itg/m!) (35). BM cells were maintained in 
a long-term culture system over adherent layers with- 
out addtion of exogenous growth factors, and infect- 
ed during the first 3 days of culture. Transduced ceDs 
were tested for the presence of helper virus a^d cryo- 
preserved until use. At that time, the transduced cells 
were washed, resuspended in normal saline contain- 
ing 4% human albumin, and reirrfused into t*ie patient. 

37. C. Bordignone^ a/.. Proc. Nati Acad- Sd. USA. 86. 
6748 (1989). 

38. PHA blasts or antigen-specific T ceDs were cloned by 
rimiting dilution. The rdatK/e frequencies of trans- 



duced cells was obtaned by comparir^ the precur- 
sor frequency in the absence and presence of G41 8 
(800 iig/mO. G418-resist3nt T ceB clones v/ere iso- 
lated and maintained as described (44, 45). 

39. The relative frequencies of transduced BM progen- 
itor cells were obtained by comparing the frequen- 
cy of CFU-G. CFU-GM, BFU-E. and CFU-GEMM 
cells in the absence and presence of increasing 
doses of G418 (0.7. 1 .0. 1 .5 mg/mi) as described 
(37). In selected experiments, individual G4l8-re- 
sistant colonies were collected for analysis of vec- 
tor transduction and expression. 

40. M. J. Bamett e? al.. Blood 84. 724 (1994). 

41. C. Bordignon et al.. data not shown. 

42. J. Sambrook.' E. F. Fritsch, T. Maniatis. MectJaf 
Oormg: A Laboratory Manual (Cold Spring Harbor 
Laboratory. Cold Spring Harbor, NY, od. 2, 1989). 

43. P. J. Southern and P. Berg, J. Mol. AppL Genet 1 . 
327(1982). 

44. A. Lanzavecchia. Nature 314, 537 (19S5). 

45. P. Panina-Bordignon et a/.. Eur. J. {rrununoi 19. 
2237 (1989). 

46. Y. Choi era/.. Proc. NatL Acad. Set, USA 86. 8941 
(1989). 

47. E. Y. Loh, J. F. BBot. S. Cvviria. L. L Lanier. M. M. 



Davis. Science 243. 217 (1989). 

48. T. ceB receptor Vp-diain usage was analysed on 
transduced T ceil rnes by reverse transcnptase- 
PCR. Briefly, total RNA was reverse transcribed with 
oBgo(dT) and oligo(dG) primers and subjected to 
PGR wth Vg- or Cp-spedfic digonudeotitfes (46) or 
to andiored PGR with a Cg-spedfic oligonucleotide 
as desalbed {4 '/) . A-npfifted products were analyzed 
by agarose gd electrophoresis. 

49. We are indebted to L. Fluggieri and A. Wack for per- 
forming some of the ex vivo and in vitro analyses of 
gene transfer frequeJicy. to the ruses and cfinical 
staff of the Oinica Pecfiairica. School of Medicine. 
University of Brescia, for skiSed and dedicated care; to 
A. Arr^iini and A. Crescenzo for cGntcai assistance in 
the extended care of the two patients; to A. Plebani for 
dosing specific antibody produaion; to M. Hershfield, 
P. Dellabona, and A Ballabio for hdpfiH discussions; 
and to En;ion. Inc.. aid Qphan Europe for providing 
PEG- ADA tefore commercial distribution. Supported 
by grants from Telethon, the ItaBan National Research 
Council, and the Italian Ministry of Health (IV-Vli AIDS 
Projects). 

28 May 1995; accepted 27 September 1995 



T Lymphocyte-Directed Gene Therapy for ADA' 
SCID: Initial Trial Results After 4 Years 

R. Michael Blaese,* Kenneth W. Culver, A. Dusty Miller, 
Charles S. Carter, Thomas Fleisher, Mario Clerici.t 
Gene Shearer, Lauren Chang, Yawen Chiang, Paul Tolstoshev, 

Jay J, Greenblatt, Steven A. Rosenberg, Han/ey Klein, 
Melvin Berger, Craig A. Mullen, $ W. Jay Ramsey, Linda Muul, 
Richard A. Morgan, W. French Anderson§ 

In 1 990, a clinical trial was started using retroviral -mediated transfer of the adenosine 
deaminase (ADA) gene Into the T cells of two children with severe combined immuno- 
deficiency (ADA*" SCiD). The number of blood T ceHs normalized as did many cellular and 
humoral immune responses. Gene treatment ended after 2 years, but integrated vector 
and ADA gene expression in T cells persisted. Although many components remain to be 
perfected, it is concluded here that gene therapy can be a safe and effective addition to 
treatment for some patients with this severe immunodeficiency disease. 



ihe possibilicy of using gene transfer as a 
therapy for human disease has great appeal. 
The decision to enter clinical trials awaited 
the development of safe and efficient tech- 
niques of gene transfer and improved un- 
derstanding of the basic pathology and bi- 
ology underlying likely candidate diseases 
and target cells. The advent of useful retro- 
viral vectors that permitted relatively high 
efficiency gene transfer and stable integra- 
tion was a critical advance (] , 2), as was the 
demonstration that this procedure of gene 
transfer could be effectively and safely used 
in humans (3). 

Scvcre combined immunodeficiency 
secondary to a genetic defect in die purine 
catabolic cmyme adenosine deaminase 
I AD A" SCID] is characterized by defective 
T and B cell function and recurrent infec- 
tions, often involving opportunistic patho- 
gens. Large amounts of deoxyadenosinc, an 
ADA substrate, are present in these pa- 



tients; deoxyadcnosine is preferentially con- 
verted to the toxic compound deoxyade- 
nosinc triphosphate in T cells, disabling the 
immune system (4). 

Because this disease is curable by alloge- 
neic bone marrow transplantation given 
without pretransplantation cytoreductive 
conditioning, it was initially assumed that 
gene therapy should be directed at the bone 
manow stem cell. However, initial attempts 
to use stem cell gene transfer in primates 
resulted in only low-level, transient gene 
expression, insufficient for clinical use. The 
observation that the only donor cells de- 
tected in some patients "cured" by alloge- 
neic bone niarrow transplantation was their 
T cells — the others remaining ADA -defi- 
cient (5) — raised the possibility that T cell- 
directed gene therapy also might be a useful 
treatment. 

The introduction of enzyme replace- 
ment with ADA-containing erythrocytes 



(6) or with bovine ADA conjugated with 
polyethylene glycol (PEC-ADA) (7) has 
made this approach feasible. PEG-ADA has 
provided noncurative, life-saving treatment 
for ADA"" SCID patients; with this treat- 
ment, most patients have experienced 
weight gain and decreased opportunistic in- 
fections. Full immune reconstitution has 
been less regularly achieved with enzyme 
therapy. T cell function as measured by in 
vitro mitogen responses improved in most 
patients, hut fewer patients recovered con- 
sistent immune responses to specific anti- 
gens [for instance, as measured by normal 
dclayed-type hypersensitivity (DTH) skin 
test reactivity] (S-iO). Nearly all PEG- 
AD A-treated patients showed increased 
peripheral T cell counts, which provided a 
source of T cells for gene correction nor. 
available without er\2yme therapy. Further- 
more, enzyme treatment could be continued 
during the gene therapy trial so that the 
ethical dilemma of withholding or stopping 
a life-saving therapy to test an unknown 
treatment could be avoided. 

The adenosine deaminase complemen- 
tary DNA (cDNA) (H) is 1.5 kb and fits 
within a retroviral vector. With the use of 
an ADA-containing retroviral vector, 
ADA-deficient T cell lines were transduced 
to express normal amounts of ADA; this 
rendered them normally resistant to intox- 
ication and growth inhibition when chal- 
lenged with deoxyadcnosine (12, 13). 
Next, studies in mice, rabbits, and nonhu- 
man primates using T cells mtxjified with 
retroviral vectors showed nontial cell sur- 
vival and function after their rcintroduc- 
tion into recipient animals (14). Finally, 
Bordignon and colleagues (15) showed that 
ADA gene- corrected T cells acquired a 
survival advantage compared with uncor- 
rected ADA-deficient cells when trans- 
planted into immunodeficient, but ADA- 
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Fig. 1. Peripheral blood T cell counts 
since the time the diagno^ of ADA 
defidency was made, dates of treat- 
ments, and the total number of ceDs 
infused for each pa^nt. ADA level is 
measured in nanomoles of adenosine 
deaminated per minute per 10® cells. 
Vertical bars indicate the dates of cell 
infusion, and their height represents the 
total number of nonselected cells in- 
fused at each treatment. The T cell 
numbers represent total CD3-bearing 
T cells detenmined by standard flow cy- 
tometric analysis, (fi) Patient 1 began 
gene therapy on 1 4 September 1 990 (protocol day 0) and received a total of 
1 1 infusions. Cellular ADA enzyme level is indicated by the dashed line. ADA 
activity was determined as described (73, 25). Values shown are the mean of 
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duplicate samples and represent EHNA-sensitive ADA enzyme activity. (B) 
Patient 2 began gene therapy on 31 January 1991 (protocol day 0} and 
received of a total of 1 2 infusions. 



normal BNX recipient mice. 

The clinical protocol used here has been 
described elsewhere {16), Patients with 
documented ADA" SCID were eligible if 
they did not have a human lymphocyte 
antigen-matched sibling as a potential do- 
nor for mairrow transplantation and if they 
had been treated with PEG-ADA for at 
least 9 months without full immune recon- 
scitution. T cells were obtained from their 
blood by apheresis, induced to proliferate in 
culture, transduced with the ADA retrovi- 
ral vector LASN, culture-expanded, and 
then reinfused into the patient after 9 to 12 
days (17). No selection procedure was used 
to enrich for gene-transduced cells. 

The clinical histories and ADA gene mu- 
tations of each patient have been reported 
(18, 19). Patient 1 presented with infection at 
2 days of age and had recurrent infections and 
very poor growth until 26 months of age, 
when the diagnosis of ADA deficiency was 
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. established and she was started on PEG-ADA 
[30 U per kilogram of body weight per week 
(30 U/kg/week)]. Treatment wid\ PEG-ADA 
entyme for approximately 2 years had resulted 
ir^ significant, but incomplete, benefit. With 
PEG-ADA she gained weight, had fewer in- 
fections, and transiently developed a normal 
peripheral blood T cell count (Fig. lA), and 
her T cells had acquired the ability to respond 
to mitogens in vitro. However, significant 
immune deficiency persisted, including recur- 
rence of her T lymphopenia (Fig. 1 A), DTH 
skin test anergy (Table 1), depressed in vitro 
immune reactivity to specific antigens such as 
tetanus toxoid, failure to generate normal cy- 
totoxic T cells to viral antigens or allogeneic 
cells, defective immunoglobulin production 
and absent or weak antibody responses to 
several vaccine antigens, and borderline iso- 
hemagglutinin titers (Table 1). At 4 years of 
age, she was enrolled in this trial. 

The course of disease in patient 2 (who 
was 9 years old when enrolled in the trial) 
was milder than that seen in classic SCID 
{19)'. She had her first serious infection at 
age 3, and septic arthritis at age 5; the 
diagnosis was finally established at age 6 
when significant lymphopenia with ADA 
deficiency was confirmed. This patient had 
an excellent initial improvement in periph- 
eral T cell numbers after the start of PEG- 
ADA therapy (30 U/kg/wcck) at age 5, but 
lymphopenia recurred in the third and 
founh years of enzyme treatment (Fig. IB). 
During the year before gene therapy, repeat- 
ed evaluation of her immune system showed 
persisting immunodeficiency, but less se- 
vere than that in patient 1. Despite 4 years 
of enzyme treatment, DTH skin test reac- 
tivity was absent (Table 1), cytotoxic T 
cells to viral antigervs and allogeneic cells 
were deficient, and isohemagglutinins were 
barely detectable. However, illuscradng the 
variability seen in the responses of patient 2 
over time, blood lymphocytes that were 
cryoprcser\'ed from the day the clinical trial 
began and tested later showed nonnal cyto- 
toxic activity to allogeneic cells. 

Within .5 to 6 months of beginning gene • 



dierapy, the peripheral blood T cell counts 
for patient 1 (Fig. lA) rapidly increased in 
number and stabilised in the normal range 
and have remained normal since that time 
(20). ADA enzyme activity, nearly unde- 
tectable in her blood lymphocytes initially, 
progressively increased in concentration 
during the first 2 years of treatment to reach 
a level roughly half the concentration 
found in heterozygous carriers (expressing 
only one intact ADA allele) and has re- 



Table 1. DTH skin test reactivity and Isohemag- 
glutinin titers in sera of each patient at various 
times during the treatment protocol. Skin tests 
were applied as Multitest (Pasteur Merieux, Lyon, 
France) aTid scored according to the manufactur- 
er's instaictions 48 to 72 hours after being placed. 
Seven antigens were placed on the dates indicat- 
ed, although only five were technically satistactory 
on day 1252 for patient 1 and on day 1118 for 
patient 2. Isohemagglutinin titers were determined 
by standard blood bank techniques (34). Ninety 
five percent of normal children over the age of 2 
years will have a titer of 1 : 1 6 and 82% will have ■ 
a titer > 1 : 32 (35). ND. not done. For the DTH skin 
tests, positive tests were elicited; T, tetanus tox- 
oid; D, diphtheria toxoid; C, Candida albicans; P. 
Proteus antigen; S, streptococcal antigen; OT, old 
tubercufin. 



Protocol 
day 


Isohemag- 
glutinins 


DTH skin tests 




Patient 1 




-9 


16 


None (0/7) 


115 


256 


ND 


251 


128 


ND 


314 


32 


T, D,C 


455 


32 


T. D, a S. P 


510 


64 


ND 


707 


32 


ND 


1252 


ND 


D, CP 




Patient 2 




-122 


4 


None (0/7) 


-9 


4 


ND 


90 


256 


ND 


186 


128 


ND 


291 


128 


ND 


501 


128 


T. D. C. S, OT 


676 


64 


ND 


957 


16 


NO 


1118 


ND 


T. D. S. P 
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mained ac that level since (Fig. lA). Thus, 
both the reconstituted number of peripheral 
bloixl T cells and the elevated T cell ADA 
enzyme concentration have persisted since 
the patient's last treatment, indicating chat 
peripheral T cells can have an unexpectedly 
long life-span and that gene expression 
from the retroviral vector has not been 
silenced over this peri(xi. 

Patient 2, who had variable immune re> 
acrivity before enrollment, responded to the 
institution of lymphocyte infusions, with 
her peripheral T cell count rapidly increas- 
ing to levels in the high normal range (Fig 
IB). Beginning with infusion 5, which in- 
cluded protocol modifications to partially 
deplete CDS cells from the initially cul- 
tured cell population (21), her T ceil count 
fell into the mid-normal range, where it 
persisted throughout the treatment period 
and for a year after the last cell infusion. In 
contrast to those in patient 1, ADA enzyme 
levels in the circulating T cells of patient 2 
did not rise significantly above the small 
amounts seen before gene dierapy treat- 
ment (—1.5 nmol/10^ cells per minute). 

The differences in final lymphocyte ADA 
concentration are consistent with the levels of 
gene transfer reached in dicse patients. For 
several months in the second protocol year 
during which cell infusions were not given, 
LASN vector sequences detected by poly- 
merase chain reaction (PGR) maintained a 
stable frequency in the peripheral blood of 
patient 1 at a level greater than the PCR- 
pt)sitive control standard containing the 
equivalent of 0.3 vector copies/cell (Fig. 2). 
By contrast, although vector-containing cells 
were also stably detected throughout a similar 
period in patient 2, their level reached only a 
value equivalent to O.l to 1.0% of her circu- 
lating cells carrying the inserted ADA vector. 

The principal contributor to the differ- 
ence in the final frequency of LASN vec- 
tor-modified T cells in patients 1 and 2 was 
the low gene transfer efficiency in the cells 
of patient 2; this was consistently only a 
tench or less of what was routinely achieved 



Ffg. 2. PGR evaluation of the frequency of LASN 
vector-positive cells in the blood of patients 1 and 
2 at various protocol days. (A) Cells fix>m patient 1 
for protocol days (D) 304 to 591 (see Fig . 1 A). PGR 
analysis was performed as described (26) in an 
ethidium- stained gel. (B) Gells from patient 2 for 
protocol days (D) 333 to 501 (see Fig. IB). PGR 
products were probed with ^2p-lat>e!ed neo gene 
as described (26). (C) Purified CD4-' and CD8* 
celi subpopulations from patient 1 (D1480) and 
patient 2 (D1 198) prepared by separation of pe- 
ripheral blood mononuclear cells (PBMCs) by flu- 
orescence-activated cell sorting (FAGS). The pu- 
rity of the separated T cell subpopulations from 



in the cells from patient I . Despite the gross 
differences in the final proportion of vector- 
containing cells reached in these two pa- 
tients, both CD4 and CDS T ceil popula- 
tions frt)m each have remained consistently 
positive for integrated vector sequences 
since the first infusion through protocol day 
1480 for patient 1 and through protocol day 
1 198 for patient 2 (Fig. 2). 

To more accumtely measure the propor- 
tion of vector-containing cells in patient 1, 
we performed quantitative Southern (DNA) 
hybridization analysis for vector sequence on 
DNA isolated from her peripheral blood T 
cells at different days during the course of 
this protocol On protocol days 816 and 
1252, which represent samples taken 109 
and 545 days after the last treatment, the 
vector concentration was at the level of 
approximately one vector copy per cell (Fig. 
3). Longimdinal studies of samples obtained 
throughout the study show that this large 
amount of integrated vector was reached by 
infusion 8 (D707) and that it has remained 
in this range since that time {22), 

The use of a restriction endonuclcase that 
cuts ordy once within the vector sequence 
does not give detectable bands (Fig. 3), indi- 
cating that the population of blood T cells at 
these dates is not oligoclonal with respect to 
integrated vector. Vector-derived mRNA 
was readily detected by reverse transcription 
(RT)-PCR at these same times (Fig. 3), con- 
firming that vector expression persisted and 
was correlated with the presence of ADA 
enzyme activity in her circulating T cells. 

To evaluate the effect of gene therapy on 
the immune function of these two patients in 
addition to its beneficial effect on T cell 
numbers, we performed a panel of immuno- 
logic studies both before, and at various times 
after, treatment. DTH skin test reactivity to 
common environmental and vaccine antigens 
tests the overall competence of the cellular 
immune system because a response depends 
on the full complement of cellular functior^, 
nor just cell proliferation or secretion of a 
single cytokine (Table 1). Patient 1 was an- 



Patient 1 



STD vector copies/cell 



0304 03^6 D331 Di\6 D455 D500 0591 



B 

Patiem 2 

00330369 043d D501 



S TD vector copies/ce ll 

0 0O1 0.01 o.os 



ST D vector copies/cell Patient 1 ^ Pati ent 2 



0.5 0.1 0.05 0,01 0.TO1 PBMCC04COa PBMCCCHCOa 



which DNA was extracted exceeded 98%, as corifirmed by FACS analysis. Direct PGR with p^pjdeoxy- 
cytcsine triphosphate was performed as described {27). Standards (STD) were prepared from DNA 
obtained from ceil mixtures of a known proportion of LASN-transduced cells containing a single vector 
insert mixed with vector-negative cells. C, vector-negative control cells. 



ergic before our protocol treatment despite 
nearly 2 years of PEG-ADA treatment. Eight 
months after the initiation of gene therapy 
(protocol day 251), she had a brisk DTH 
response to a single intradermal skin test with 
tetanus toxoid. By protocol day 455, DTH 
responses to five of seven antigens were 
present, and this increased responsiveness has 
persisted, through day 1252. 

Before the protocol, patient 2 had no 
positive DTH skin test (Table 1). At pro- 
tocol day 501, five positive DTH skin tests 
were elicited, and this increased DTH reac- 
tivity had persisted when she was last tested 
on day 1118. She also acquired palpable 
lymph nodes and visible tonsils during the 
period of protocol treatment. 

To corroborate the improved inuuune 
function indicated by these DTH tests, we 
evaluated the capacity of peripheral T cells 
from our patients to produce interleukin-2 
(lL-2) or to kill antigenic target cells in 
vitro. In several patients treated with PEG- 
ADA, in vitro T cell proliferative responses 
to mitogens may normaliie, whereas respons- 
es to specific antigens are less improved (7- 
JO). During PEG-ADA treatment before 
gene tberapy, T cells from patient 1 pro- 
duced IL-2 in response to stimulation with 



Sst I Eco Rl Sst I 

I Probe 



Sst I 
(A)„ 



; 3.1 kb- 

Southern 
Sst I Eco FU 
:: ir— 1 



o o 



RT-PCR 



s i o 




527 
"bp 



Rg. 3. Quantitative Southern hybridization analy- 
sis of DNA prepared from the blood mononuclear 
cells of patient 1 on protocol days (D) 816 and 
1252 (28). DNA digested with Sst I should yield a 
single restriction fragment of 3.1 kb containing 
both the vector neo and ADA genes. Eco Rl cuts 
only once v^hin the vector sequence, and there- 
fore a detectable band would indicate that a pre- 
dominant clone with a single unique vector Integra- 
tion site was present in that blood sample. None 
was detected. Polyadenylated mRNA was extract- 
ed from the patient cells on days 0, 816, and 1 252 
and analyzed for vector message by RT-PCR (29). 
The primer locations used are indicated as short 
solid lines above the vector diagram. SV, SV40 
eariy promoter; (A)^. polyadenylation site; ^, ex- 
tended retrovirus packaging signal. Hatched re- 
gions indicate protein coding regions. 
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Fig. 4. Evaluation of the in vitro cel- 
lular immune responses of blood T 
cells from patients 1 and 2 at vari- 
ous times before and during the 
gene therapy trial. At least two nor- 
mal subjects were included concur- 
rently in each assay, and only those 
in which the controls responded 
appropriatefy are included here. (A) 
Production of IL-2 by cultured cells 
from patient 1 after stimulation with 
the mitogen PHA and with the spe- 
cific antigens tetanus toxoid and in- 
fluenza A virus as described (30). 
IL-2 was quantitated by bioassay 
measuring the proliferation of the 
lL-2-dependent T ceti line CTLL at 
a 1 : 2 dilution of the lymphocyte cul- 
ture supernatant. The fine dashed 
line indicates the patient's T cell 
count for reference. Sofid triangles 

along the base line indicate the dates of cell Infusion. (B) In vitro killing of a 
*^Cr-labeled, influenza A-infected autologous 8 cell line and a ^^Cr- labeled 
allogeneic target B cell line by blood T cells from patient 1 as described (37). 
Lysis (as percent specific isotope release during a 6-hour incubation of 
effector and target cells at a ratio of 60:1) was measured after in vitro 
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pre-stimulation for 7 days. Solid triangles along the base line indicate the 
dates of cell infusion. (C) In vitro killing of a ^''Cr-labeled, influenza A-in- 
fected autologous B cell and a ^^Cr-labeled allogeneic target B cell line by 
blood T cells from patient 2 as described above. 



the mitogen phytohemagglutinin (PHA) 
(Fig. 4A) but were unable to produce IL-2 in 
response to stimulation wich influenza A 
virus or tetanus toxoid, despite repeated im- 
munization with these antigens. Over the 
first months of gene therapy, IL-2 produc- 
tion improved and became normal after 1 
year (Fig. 4A). Again before gene therapy » 
patient I's T cells failed to show significant 
cytolytic reactivity' against either allogeneic 
celk or influenza A-infected target cells. 
Almost mirroring the steady increase in IL-2 
production, she acquired normal in vitro cy- 
tolytic T cell responses to these antigens, 
reaching normal values in her second year of 
treatment. (Fig. 4B). 

The results of these cytolytic assays for 
patient 2 arc sKov^ti in Fig. 4C. Tests done 
1 20 days before the beginning of gene ther- 
apy also showed impaired responses. Howev- 
er, cells that were obtained at the time of the 
first gene therapy infusion, cryopreserved, 
and subsequently tested some mondis later 
showed a normal cytolytic response to alio-* 
geneic cells. After a year on gene therapy, 
cytolytic T cell activity against influenza ako 
became normal. 

To evaluate the effects of our treatment 
on hurnoral immune function in these pa- 
tients, we measured antibody responses to 
several antigens. Despite their PEG-ADA 
treatment, both patients 1 and 2 had only 
low or borderline titers of isohemaggluti- 
nins on repeated testing before gene thera- 
py. Each patient showed significant eleva- 
tions in the levels of these antibodies with- 
in 90 to 11 5 days of beginning treatment 
with gene-modified cells (Table 1). Isohe- 
magglutinins are antibodies that react with 
group A and B red blood cell antigens and 
occur spontaneously as a result of environ- 



mental exposure to cross-reacting antigens, 
isohemagglutinin responses are, therefore, 
less dependent on the timing of previous 
immunizations than are responses to com- 
mon vaccine antigens. After gene therapy, 
each patient also had improvement in an- 
tibody responses to vaccines to Wemo^KAns 
influenzae B (HIB) and tetanus toxoid (Fig. 
5). With enzyme therapy alone, peripheral 
lymphocytes from each patient were unable 
to produce immunoglobulin M (IgM) in 
vitro after stimulation with pokeweed mi- 
togen (PWM), but made robust responses 
after a year on the gene therapy protocol 
(Fig. 5A), Immunoglobulin production to 
PWM depends on T cells; these results fur- 
ther confirm the reconstitution of T cell 
function associated with gene therapy. 

The effects of this treatment on the clini- 
cal well-being of these patients is more diffi- 
cult to quantitate. Patient 1, who had been 
kept in relative isolation in her home for her 
first 4 years, was enrolled in public kindergar- 
ten after 1 year on the protocol and has missed 
no more school because of infectious disease 
than her classmates or siblings. She has grown 
normally in height and weight and is consid- 
ered to be normal by her parents. Patient 2 
was regularly attending public school while 
receiving PEG-ADA treatment alone and has 
continued to do well clinically. Chronic si- 
nusitis and headaches, which had been a re- 
curring problem for several years, cleared 
completely a few months after initiation of 
the protocol. 

This trial of retroviral-mediated gene 
transfer shows that the survival of reinfused 
transduced peripheral blood T cells is pro- 
longed in vivo; the erroneous assumption 
that T cells would not have such long-term 
survival was often cited as a potential prob- 



lem with this treatment strategy. Patient 1 
has had a normal total peripheral T cell 
count since the last cell infusion, and the 
proportion of her circulating T cells carrying 
vector DNA has remained stable over that 
period. Further, expression of the ADA 
rransgene under the influence of the rea-o- 
viral long terminal repeat (LTR) pnjmocer 
has persisted for a long period in vivo with- 
out obvious extinction. There have been 
swings in the level of ADA enzyme in her 
peripheral lymphocytes throughout the peri- 
od of observation, but the level of blood 
ADA enzyme activity at 4 years (protocol 
day 1480) is equivalent to that found imme- 
diately after the last cell infusion 2 years 
earlier (Fig. lA). Although the data have 
not yet been completely analyzed, blood ob- 
tained after 5 years sht)wed continuation of 
this trend wid^, again, a normal T lympho- 
cyte count and an equivalent ADA level. 

The mechanism by which our treatment 
aided immune reconstitution in patient 2 is 
less clear. The responses of patient 2 to some 
in vitro immunologic tests were variable be- 
fore beginning our treatment protocol, rang- 
ing from little or no detectable response to 
nearly normal responses on the blood sample 
from the day gene therapy began. Tliis patient 
produced a normal antibody response to im- 
munization with bacteriophage 9X174 about 
a year before beginning gene therapy (S). 
Although we have shown several examples of 
depressed cellular and humoral immune re- 
sponses that strongly improved after gene 
therapy, this highly variable immune reactiv- 
ity while patient 2 was on PEG-ADA therapy 
alone complicates interpretation of the cc^n- 
tribution of our therapy. There was a temporal 
relation between initiation of gene therapy 
and a normalized peripheral T cell count, 
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Fig. 5. Humora! immune function of patients 1 and 

2 before {solid bars) and after (hatched bars) gene * 

therapy. (A) IgM production by the patient's periph- 
^ era! blood mononuctear ceDs in cultures stimulated 
i with the T ceft- dependent polyctonal activator 
• PWM perfomied as described (32). "Before" sam- 
j pies were from D{-9)- Fofiow-up cultures were at 
i D500 (patient 1 ) and D560 {patient 2). In each case, 

the patient's cells stimulated with the T c^-inde- 

pendent B cell stimulant EBV (33) produced normal 

amounts of IgM (not shown), indicating intact B ceD 

function before and after gene therapy, as expect- ~ i 2 « ' i 2 

ed. At least two normal subjects were included concurrently in each assay, and only those in which the 
controls responded appropriately are included here. (B) Serum antibody response to Hemophilus influenzae 
8. Patient 1 had faSed to respond to two immunizations while on PEG -ADA alone [D(-9} shown). Her 
response at protocol 0591 is shown, after immunization. Patient 2 had some HlB-specific antitjodies 
present before therapy [D(-122)), whose amounts increased without additional immunization during the 
protocol (D560). (C) Serum tetanus antibody. Patient 1 had negligible response to five separate tetanus 
immunizations before gene therapy [D(-48) shown) but responded briskly at D731 . 24 days after re- 
immunization. Seoim titers for patient 2 are shown for D(-9), 140 days after immunization while on 
PEG-ADA alone, and after receiving gene therapy (D592), 32 days after a booster tetanus immunization. 




improved DTH, appearance of tonsils and 
palpable lymph nodes, normalized isohemag- 
gliitinin response, and improved PWM re- 
sponse, as well as other factors. In view of the 
relatively low level of ADA gene transfer 
achieved in this patient, the potential contri- 
bution of the infusions of the culcure-accivac- 
ed T celk to the patient's response must also 
be considered. Perhaps ex vivo T cell activa- 
tion somehow bypassed a differentiation block 
that PEG-ADA alone was unable to relieve. 
Despite the low final percentage gene transfer 
achieved, a 1% level of ADA gene- corrected 
cells could represent 10^ to 10'° ADA-ex- 
pressing T cells distributed throughout die 
body that ct)uld readily contribute to immune 
improvement. 

Since the beginning of the trial, the dose 
of PEG-ADA enzyme given to each of our 
patients has been decreased by more than lialf 
(patient I, 14 U/kg/week; patient 2, 10 U/kg/ 
week), during which time their immune func- 
tion has improved. By contrast, worsened im- 
mune function has been seen in other ADA" 
SCID patients when tlieir dose of enzyme has 
h^en similarly reduced (JO, 23). We do not 
want to expose these patients to the potential 
ri.sk of recurrent immunodeficiency by com- 
pletely stopping PEG- ADA cr\zyme treatment 
until we have better information about the 
quality and duration of the immune improve- 
ment achieved by this first-generation gene 
therapy trial. The role of continued exoge- 
nous eniyme treatment will be clarified here 
or in companion smdies attempting stem cell 
gene correction (24). 

The safety of retroviral -mediated gene 
transfer has been a central concern. At least 
in the short and intermediate term, no 
problems have appeared in any clinical trial 
using these vectors. In the longer term, the 
theoretical potential for retroviral vectors 
to cause insertional mutagenesis remains 
the primary concern. To date, there has 
been no indication that malignancy associ- 



ated with this process will be a complica- 
tion of retroviral -mediated gene trar\sfer. 

Our trial here has demonstrated the po- 
tential efficacy of using gene-corrected au- 
tologous cells for treatment of children with 
ADA' SCID. Eleven children with this 
disease have been enrolled in various gene 
therapy protocolst each using different strat- 
egies and retroviral vector designs and fo- 
cusing on different target cell populations. 
The experience gained from these ap- 
proaches should provide guidance for gene 
therapy as a treatment for this disorder as 
well as for a larger array of inherited and 
acquired diseases. 
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Axabidopsis thcJiam has been adopted as a 
model organism for the analysis of complex 
plant processes by means of molecular genet- 
ic techniques ( J ). The increase in map-based 
cloning experiments makes the generation of 
a complete physical map of the Arabidopsis 
genome a high priority. In addition, the 
availability of such a map would enable the 
organization of the chromosome to be stud- 
ied in more detail. Little is known about the 
organization of plant chromosomes, but the 
general picture is that of chromosomes car- 
rying large numbers of dispersed [often rer- 
rotransposons (2)] and tandemly repeated 
DNA sequences (3). The relatively small 
(100 Mb) Arabidopsis genome has a much 
smaller number of repeated DNA sequences 
than do most other plant species; its five 
chromosomes contain ---10% highly repeti- 
tive and ~10% moderately repetitive DNA 
(4). The dispersion of most of these sequenc- 
es among the low-copy DNA is unknown. 

We discuss here a physical map, which we 
have presented on the World Wide Web 
(WWW) at URL: http://nasc.nott.ac.uk/)IC- 
contigs/jlC-contigs.html, of Arabidopsis chro- 
mosome 4, one of the two chromosomes car- 
rying nucleolus organizing regions. The con- 
struction of this map allowed us to analyze the 
frequency of recombination along the whole 
chromosome, the integration of the physical 
with the cytogenetic map, the interspersion 
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pattern of repeated and low-copy DNA se- 
quences over the whole chromosome, and the 
arrangement of repeated DNA sequences over 
the centromeric region. 

We generated the physical map by hy- 
bridizing probes to four yeast artificial chro- 
mosome (YAC) libraries (5), using colony 
hybridization experiments (6). The probes 
consisted of 1 12 markers genetically mapped 
to chromosome 4, 20 previously unmapped 
genes, random genomic fragments and se- 
quences flanking transposable elements, and 
the 180-base pair (bp) repetitive element 
carried in pALl (7). Southern (DNA) blot 
analysis of YAC clones confirmed the colony 
hybridization results and revealed common 
restriction fragments in the different YAC 
clones hybridizing to a given marker. T\\'\s 
demonstrated overlap between the inserts of 
the YAC clones. On the basis of these 
results, the YAC clones could be placed 
into 14 YAC contigs with a high degree of 
redundant YAC cover, ensuring an accu- 
rate map despite the presence of chimeric 
clones in the YAC libraries. 

We generated YAC end fragments, using 
cither inverse polymerase chain reaction 
(IPCR) or plasmid rescue (8), from YAC 
clones lying near the ends of each of the 14 
contigs. The fragments were hybridized to 
Southern blots of YAC clones from adjacent 
contigs. In addition, YACs, as well as some of 
the end fragments generated by IPCR, were 
used ro identify clones from a cosmid library of 
the Columbia ecotype (9). The cosmids were 
then used as new markers on the YAC librar- 
ies. These experiments reduced the number of 
contigs to four. In all but two instances, the 
end fragments revealed that the contigs were 
already overlapping. Experiments aimed at 
closing the last three gaps have becii attempt- 



Physical Map and Organization of 
Arabidopsis ttialiana Chromosonne 4 

Renate Schmidt,* Joanne West, Karina Love, Zoe Lenehan, 
Clare Lister, Helen Thonnpson, David Bouchez, Caroline Deant 

A physical map of Arabidopsis thaliana chromosonne 4 was qonstructed in yeast 
artificial chromosome clones and used to analyze the organization of the chromosome. 
Mapping of the nucleolar organizing region and the centromere Integrated the physical 
and cytogenetic maps. Detailed comparison of physical with genetic distances showed 
that the frequency of recombination varied substantially, with relative hot and cold 
spots occurring along the whole chromosome. Eight repeated DNA sequence families 
were found in a complex arrangement across the centromeric region and nowhere else 
on the chromosome. 
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ABSTRACT 

Peripheral blood lymphocytes from a patient with adenosine deaminase (ADA) deficiency were transduced in 
vitro with a replication-defective retroviral vector containing a human ADA-cDNA. Eighteen months after the 
last of a series of infusions of autologous retroviral vector-treated cells, vector sequences were detectable in 
DNA isolated from peripheral blood mononuclear cells (PBMCs), with an average copy number approaching 
one per cell. Increased ADA enzyme activity reaching approximately one-quarter normal levels was found in 
this population of cells. Other evidence of long-term retroviral vector expression in vivo included neomycin 
phosphotransferase (NPT) activity and demonstration of persistent vector mRNA by reverse transcriptase 
polymerase chain reaction (RT-PCR). No evidence of spontaneous reversion of either mutant endogenous ADA 
allele was found. 



OVERVIEW SUMMARY 

Children wth severe combined immunodeficiency due to 
adenosine deaminase (ADA) deficiency have been treated with 
autologous T lyniphoc}1es transduced in vitro wth a retrovi- 
ral vector contsiining both a normal human cDNA for ADA 
and a cDNA for neomycin phosprotransferase (neo). This re- 
port by Mullen et al analyzes long-term expression of the 
retro viral vector genes in the first patient over a three and 
one-ltair year period of treatment and obsen ation. 

INTRODUCTION 

ISOLATION AND CHARACTER1Z/\T10N Ol" GENES TCSpOnsiblc for 
inherited diseases and dcvelopmem of gene transfer tech- 
nology have led to the iniiiaiion of clinical trials of gone ther- 
apy for human disease. A prerequisite for successful gene thci- 
apy of many human disca.scs is stable, long-term expression in 
vivo of an exogenous gene in a physiologically relevani quan- 
tity. Critical 10 such an ouicomc are factors such as the lifespan 



of the transduced target cell in vivo and the continued expres- 
sion of the introduced gene in vivo. 

Adenosine deaminase ( ADA) deficiency is an autosomal re- 
cessive disorder that accounts for roughly 209c of the cases of 
severe combined immunodeficiency (Hirschhom, 1990). Lack 
of ADA enzyme activity leads to the accumulation of adeno- 
sine, deoxyadenosine, and their metabolites, which are prefer- 
entially toxic to lymphocytes. The ADA gene wtis cloned in the 
early 1980s (Daddona ei al., 1984; Valerio et a!., J985; 
Wiginion ei ai, 1984), and preclinical gene transfer studies us- 
ing this gene have been canied out by a number of groups 
(Williams era/., 1986; Kanloff e/a/., 1987: Palmer f/n/., 1987; 
Cournoycr et aL, 1991; van Beusechem et ai., 1992; Morirz ei 
al, 1993). One approach to treatment of this disorder is ex vivo 
retroviral vector transfer of a functional ADA gene into T lym- 
phocytes, expansion of these cells in vitro, and reinfusiou of 
these autologous genetically modified cells (Kanloff ef aL, 
19B6; Culver et at,, J990: Ferrari ei al., 1991 : Braakman ci al., 
1992). Two ADA-deficienl patients were treated in this man- 
ner. Patient 1 exhibited significant lyinphocyie transduction and 
an unequivocal increase in ADA activity. Patient 2 had less than 
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1% vecior ininsduccd lyinphocyrcii and no signiRcfint increase 
in ADA activity (Bkicsc ci al.. 1993). Despite this, they ex- 
hibited similar increases in immunological function. Their clin- 
ical courses and the rcluttvc contributions of retroviral ADy\ 
gene transduction and infiisiou of aclivaied lymphocytes ex- 
panded in vitro are described elsewhere (Blacsc et aL 1995). 
This report describes the long-tenn expression of an ADA gene 
in Patient \ who received I! such infusions over 23 months 
and who was followed without further intervention for an ad- 
ditional year and a half (Blaese et al., 1990). Wc wished to 
learn how long lymphocytes transduced with retroviral vectors 
would persist /« uivo and how well the genes encoded by such 
a vector would be e.vpresscd over lijne in vivo. Funhermore, 
we soujiht to demonstrate that the AD.A found in the patient's 
X cells represented an authentic vector-derived gene product 
rather than enzyme production from an endogenous ADA gene 
(Brown ei al., 1994). 



^L\TERLALS AND METHODS 

Traiisduction of patient lymphocytes 

The clinical protocol is described ia decail elsewhere (Blaese 
et ill., 1990). Informed consent was obtained from the parents 
of each patient on the protocol. Each treatment consisted of in- 
fusion of approximately 1-2 X 10^^ autologous lymphocytes 
that had been exposed to LASN retroviral vector in vitro and 
cultured for a total of 10-11 days. Transduction efficiencies 
were usually in the range of 1-10% (HIacse et aL 1.995). The 
LASN vector is a replication-incompetent reu-oviral vector 
whose general .structure is: fMoMLV LTR-human ADA 
CDNA-SV40 early region promoter-^ieomycin pho.sphotrans- 
ferase genel (Hock etaL 1989). Clinical-grade vector was pro- 
duced in PA317 amphotropic packaging cells CMiller et aU 
1986) (Genetic Therapy, Inc.. Gaithersburg, MD). 

ADA assay 

.ADA enzyme activity assay was performed as previously de- 
scribed (Kohn el aL, 1989). Peripheral blood mononuclear cells 
(PBMCs) were purified on a Ficoll gradient and washed in phos- 
phate-buffered saline (PBS). Tissue culture cells were harvested 
and washed in PBS. Cells were centrifuged at — L500 X g in 
micro fuge tubes and these pellets were stored at -70°C until 
assayed. Cells were resuspended at a concentration of 5x10* 
cells/ml in 100 mA/Tris pH 7,4 and 1 mg/ml bovine serum al- 
bumin (BSA) and lysed by five rapid freeze-lhaw cycles. 
Lysates were microfuged at - 15,000 x ^ for 2 min. A iO-/i,l 
amount of sample lysate containing the equivalent of 50,000 
cells was incubated with 10 jtxl of 0.167 mM l'"*C]adenosine 
(50 |uCi/ml)(Sigma, St. Louis, MO) for 15 min. (The llnal con- 
centration of adenosine in die reaction was 0.083 mM.) The en- 
zyme reaction was terminated by addition of 20 /il of absolute 
ethanol and heating to 95"C for 5 min. Next, 50% of the sam- 
ple was applied to a cellulose TLC sheet along with 3 ^tl of a 
nonradioactive solution of 10 tnM deoxyadenosine, hypoxan- 
thine, iuid deoxyinosine markers (Sigma, St. Louis. MO). The 
developing buffer was an aqueous .solution with Na^PHOjO.Od 
M pH 6.8. /i-propyl alcohol 1.2%, and saturated ammonium sul- 
fate 16% (vol/vol). After development and drying, the de- 



• oxyadenosine. hypoxanthinc, and deoxyinosine spots were 
identified under shoawave UV light and cut from the sheet. 
Hypoxanthine and deoxyinosine (the dcoxyadenosinc metabolic 
products) were counted together while deo.xyadenosinc was 
counted separately in a liquid .scintillation counter. Activity is 
expressed as nanomoles of adenosine deaminarcd/min per 10* 
cell.s. Duplicate samples were run in the presence of the ADA 
enzyme inhibitor EHNA (30 ^lM) (gift of R. Agbaria and D.G. 
Johns, Laboratory of Medicinal Chemistry, National Cancer 
Institute). Specific ADA activity was calculated as total adeno- 
sine deaminaiing activity minus EHN'A-rcsisiant activity. 
EHNA-rcsistant activity represents metabolic activity of a non- 
specific aminohydrolase present in human cells (Schrader ct aL 
1978; Daddona et aL 1981; Ratcch and Hirschhorn, 1981). 
Positive control cells were obtained from healthy normal donors 
and yielded on avenigc 72 units (normal range 66-102 units). 

Neomycin phosphotransferase (NPt) assay 

This was performed as previously described (Reiss et al., 
1984) and represents ability of lysates of 5 x 10^ cells to phos- 
phorylaie a neomycin analog in vitro. The strongest signal in 
patient samples was similar to the signal generated by a 1:100 
to 1 : 1,000 dilution of K562-LASN cells, a strong positive con-^ 
trol. The limit of detection is approximately 1 ng of purified 
NPT enzyme. 

Detection of vector DNA 

Southern Blots: A total of 10 /x.g of DNA was digested with 
Sst \ and hybridized with a 728-bp Nco T fragment from LASN 
corresponding to the SV40 promoter and neo gene. DNA from 
K562-LASN cells served as positive control. 

PGR for ADA Vector: A iO-^cl amount of cell lysate (the 
equivalent of 5 X 10^ cells) was used as template for a 30- 
cycle PGR reaction. The oligonucleotides 5'-CAGCCT- 
CTGCAGGGCAGAAC-3' (corresponding to the 3' end of 
the ADA gene in LASN) and 5'-GCCCAGTCATAGCC- 
GAATAG-3' (complementary to 5' end of the neomycin phos- 
photransferase gene in LASN) were used as primers. *'-P-la- 
beled dCTP was present in the reaction. Products were run on 
a 6% polyacrylamide gel that was dried and used to expose 
film. 

RT-PCR analysis for LASN vector transcripts 

A 3-^tg amount of poly(A)RNA was treated with DNase and 
reverse transcribed. Then 0.3 ^g of cDNA was amplified with 
LASN vector-specific primers (5'-CAGCCTCTGCAGGGCA- 
GAAC-3' corresponding to the 3' end of the ADA gene in 
LASN and 5'-GCCCAGTCATAGCCGAATAG-3' comple- 
mentary to the 5' end of the neomycin phosphotransferase gene 
in LASN. Following electrophoresis and blotting, the sequences 
were hybridized with a 527-bp probe corresponding to the en- 
ure length of the predicted PGR product. 

RT'PCR analysis of endogenous (nonvector) 
ADA-mRNA 

A 0.3-/i,g amount of cDNA prepared from DNase-ireated 
(3oly(A)RNA was amplified with primers corresponding to cxon 
5 of normal ADA (found in both endogenous and vector ADA) 



ADA GENE THERAPY 



1125 



and anusen5;e lo a disiul untranslated portion of excn 12 (found 
oniy in endogenous ADA). The upstream primer was from exon 
5 ( ~ bp 376 relative to the start codon) and consisted of the 
sequence: 5'-CCAGACGAaGTCGTGGC-3'. The down- 
stream primer was 5'-GACTATTGAGATCATGGTCTTCTT- 
3' and corresponded to a normally untranslated region of exon 
12 ( ~ bp U75) not present in the vecior cDNA. Each PGR 
product was split into three aliquots and digested with no en- 
zyme Bst XI (X), or B^I II (G). Following electrophore- 
sis and blotting of the digest products, the filter was hybridized 
with a 345-bp Bam H\-Bg III fragment from LASN corre- 
sponding to exons 9-12 of ADA. 

Cloning of lymphocytes 

Clones were derived from PBMCs on day 985, 9 months af- 
ter the fmal treatment. They were isolated by limiting dilution 
(Nutman, 1991) and expanded in tissue culture. Peripheral 
blood was fractionated on a gradient of Ficoll-Hypaque. 
PBMCs were activated with 0KT3 (10 ng/ml) and interleukin- 
2 (rL-2) (100 lU/ml) and initially grown on 1.5 X 10^ 2,500 
cGy irradiated allogeneic PBMCs at 0.1-10 patient cells per 
well in RPMT with 10% PCS in round-bottomed 96-wen plates. 
Colonies emerging from plates with fewer than 32 positive 
wells were considered clonal. Culture time averaged 2 months 



and approximately 12 X 10^ cells for each clone were gener- 
ated. 

Cell lines 

TJF-2 is a human ADA-deficieni T cell line immortalized 
with human T lymphotrophic virus type 1 (HTLV-1) (Kohn et 
al„ 1989). K562 is a human erythroleukemia cell line with ADA 
activity similar to that of normal human PBMCs (Table 1). 
These cell lines were u^nsduced in vitro with LASN retroviral 
vector and selected in G418 I mg/ml. The cultured pretreat- 
ment patient lymphocyte line represented Ficoll-Hypaque-pu- 
rified venipuncture blood obtained before the tlrst infusion of 
vector-treated cells. These PBMCs were stimulated with PHA, 
grown 4 weeks in vitro, and cryoprcserved for 4 years. 



RESULTS 

Transduction and sampling of lymphocytes 

Peripheral T lymphocytes from a previously described pa- 
tient with ADA deficiency {Hershfield et «/., 1993) were trans- 
duced with the LASN retroviral vector containing a human 
ADA cDNA (Hock et ai., 1989). In vitro Transduction effi- 



Table 1. ADA Enzyme AcrivrfY in U.ncultured PBMCs and ik 
l-oNG-T£KM Lymphocyte Cell Likes 







Vector 


Vector 


Percenj normal 


Cells 






RNA^ 


ADA activity^ 


Uncultured PBMCs 


Normal donor 






100 




Patient pretrcatment 






1 




PaLiem day 115 






3 




Patient day 500 




+ 


U 




Patient day 1252 


+ 


+ 


18 


Cell lines 


Patient clone 1 . 1 


+ 


NT^ 


61 




Patient clone 1.3 


-1- 




60 




Patient clone 1.7 


H- 




141 




Patient clone 1.14 


-i- 


■r 


74 




Patient clone 1.20 




N'l' 


43 




Patient clone 1.21 






24 




Cultured patient 










Prctreatnicni 






10 




TjF-2 






J 




TJF-2-LASN 


+ 


+ 


407 




K562 






98 




K562-LASN 


+ 




3,387 



Unculuired PBMCs were obtained from HicoU-Hypaquc-trcated venipuncture blood. Paiieui 
clones were obtained from pailcni on day 985, 9 months after the Hnal infusion of treated celts. 
CulUired patient pretrcatment cells weir PBMCs obtained prior to the liisi treatment thut were 
stimulated with PHA in vitro and grown /// vitro for greater than 7 weeks in tissue culture before 
analysis. 

•'Vector D.N A Cells were positive for LASN vecior l.)N.^ by Southern hybridixniion analy- 
sis of genomic DNA and by PGR using primers specitic for vecior. 

^'Vector RNA +, DNase-treatcd niRNA was RT-PCR positive for 1-ASN vector using primers 
that were specific for LASN and thai did not amplify cellular ADA mRNA. 

normal ADA activity. EHNA-scnsitive adenosine de^iminating activity of cells as a peicent- 
agc of normal peripheral blood PBMC activity. % normal ADA activity values for clones repre- 
sent total adenosine deaminating activity; the limited number of cloned cells precluded repeiition 
of the assay with the use of EHNA as a specific inhibitor of ADA. 

"•NT, Not tested due to lack of a sufficient number of cloned cells for RNA preparation. 
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ciencies were l"10% as assessed by PCR on cell prucliict sam- 
ples obiiiined prior to inhision (Blaese ei ai, 1995). Three in> 
fusions (#3 on protocol day 60, #8 on day 314, and #1 1 on day 
707), each followed by a significant interval before subsequent 
infusions resumed, were studied in detail with respect to the 
presence of vector DNA, vector message measurable by RT- 
PCR, and vector pruiuci mea.«iured as ADA and neomycin phos- 
photransierase-2 (NPT) en/yme activity. For each of these cy- 
cles, PBMCs were sampled immediately prior to and at various 
times after cell infusions. These treatment- free evaluation pe- 
riods were 55, 186. and 545 days, respectively. 

Detect ion of retroviral vector DNA in 
patient lymphocytes 

Vector sequences were readily detectable on Southern bloLS 
of this patient's PBMCs up to 545 days after the previous treat- 
ment. Both Souiherii blots (Fig. 1) and semiquaiuiiative PCR 
(data not shown) indicted that the average copy number of vec- 
tor sequences per cell increased progressively during the coui"se 
of the treatment protocol and approached approximately one in 
the samples taken after the eleventh infusion cycle. The vector 
signal did not wane during the 186 days following infusion 8, 



protocol days 314-500, or in the 545 days following infusion 
I L protocol days 707-1.252. Soutltern blots in which patient 
PBMC DNA was digested with £co Rl (which cuts only once 
in LASN) gave no evidence of a monoclonal or oligcKlonal pop- 
ulation of vector-containing cells (Blacsc ct aL 1995). 

ADA rwiiviiy 

ADA enzyme activity also increased progressively in the jiop- 
ulation of post-treatment PMBCs, approaching one-quaner nor- 
mal levels in the period following the final infusion of ADA vec- 
tor-modified cells (Eng. 1 ). This level of ADA activity is clijiieal ly 
significam. The increase in ADA enzyme activity in the ix)si 
treatment PBMC samples suggested that the transduced LASN 
vector wiis its source. l-lowever» the ADA enzyme assay cannot 
distinguish between enzyme produced by the retroviral vector 
and endogenous ADA genes. Expression from the LASN vector 
was further tested in two ways: first, by measurement of NPT 
activity in the PBMCs and second, by dctecdon of vector mRN A. 

Expression of vector nco gene 

The LASN vector contains two transgenes: human ADA dri- 
ven by the promoteryenhancer in the MoMLV retroviral LTR 
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FIG. 1. LASN vector expression in patient 
PBMCs. Patient PBMC san^ples from infusion 
cycles 3, 8, and 1 1 were studied. The study date 
is indicated under each column. The number of 
days from the initiation of the study is indicated 
by "D'' (e.^., D115). The number of days rela- 
tive to the infusion date for the infusion cycle is 
also indicated (e.g,, "55 days" relative to infu- 
sion 3). PBMCs fronr^ blood were directly as- 
sayed and are identified with a **D" number in 
parentheses, e.g., (Dil5). Cells grown in culture 
without additional vector are designated "cul- 
tured." Those designated "LASN" were exposed 
to additional vector and vvere aliqiiots of the cells 
infused into the patient in the infusion cycle. For 
each point in time, a Southern blot was per- 
formed to identify the LASN vector. DNA from 
K562-LASN cells provided the positive control. 
NPT is neomycin phosphotransferase activity in 
lysates of 5 X 10^ cells. Positive patient samples 
are similar in intensity to samples of 5 X 10-^ 
K562-LASN cells. RT-PCR represents LASN 
vector message in DNase-treated RNA. Positive 
patient signals from 0.3 ^tg of cDNA were sim- 
ilar in intensity to 0.3 ng of cDNA from K562- 
LASN. EHNA-sensitive ADA activity is de- 
scribed for each PBMC sample. 
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and a neomycin-resistance {neo) gene expressed by an iniemal 
SV40 early region promoter, neo gene activity is not nonnally 
present in human 'cells and thus the presence of its product 
NPT. in cells would demonstrate transcription and translation 
of intecrated vector sequences. PBMCs from the same days that 
were analyzed for vector presence by Southern blots were as- 
sayed for NPT activity (Fig. 1). NPT could be directly detected 
in samples from the patient's circulating T cells on several oc- 
casions during the course of our observations, confirming vec- 
tor derived gene function. 

Expression of vector ADA gene 

Demonstration of NPT enzyme activity in the patient's T cells 
provides unambiguous evidence of vector expression. However, 
the neo and ADA genes are in separate transcriptional units and 
it could be argued thai the ADA activity still could come from 
the patient's endogenous ADA genes. Conveniiona) Northern 
blois were insensitive to the levels of vector ADA-mRNA in the 
PBMCs, compatible with the relatively modest amount of ADA 
and NPT activity in tliese cells. RT-PCR, however, detected vec- 
tor ADA message in all the post-treatment PBMC samples with 
the exception of days 115 and 381 (Fig. 1). 

Comparison of LASN vector expression in patient 
lymphocytes and in transformed cell lines 

Increased ADA activity, NPT activity, and vector mRNA 
were found in patient PBMCs after treatment and the relative 
levels of these correlated with each other. In these studies, trans- 
formed human cell lines K562 and TJF-2 transduced with the 
LASN vector and selected in G418 were used as positive con- 
trols. In these cell lines, the vector-induced increases in ADA 
activity (Table I) were much greater than in the patient's lym- 
phocytes. Significantly greater NPT activity and vector mRNA 
were also seen in these cell lines (data not shown). 

Analysis of endogenous ADA activity 

As part of this post-treatment analysis, an aiiempi was made 
to clone patient lymphocytes and analyze the magnitude of vec- 
tor expression in clonal populations. T cell clones were pre- 
paied by limiting dilution, without G418 selection, from the pa- 
tient's peripheral blood drawn on protocol day 985. The 
patient's cells did not clone efficiently, but six clones yielded 
enough material before reaching .senescence for characteriza- 
tion by Southern, RT-PCR, and ADA en/.yme analyses. A sum- 
miiry of the analysis is contained in Table 1. Five ol' the six 
clones contained integrated LASN vector DNA. Each of ihc 
vector-positive clones exhibited significant ADA eirzyme ac- 
tivity, ranging from 43% to 141% of that in normal PBMC 
(Tfible 1). Vector mRNA was detected in each of the tliree vec- 
tor-positive clones analyzed. Clone 1.21 was negative for vec- 
tor DNA by both Southern blot and PCU. and also negative for 
vector niRNA by RT-PCR. Surprisingly, clone 1.21 had 24% 
normal adenosine dcaminating activity. 

It is possible that the process of cloning may have selected 
for cells that had higher levels of adenosine dcaminating ac- 
tiviiy. Consisieni with this was the finding that a cell line de- 
rived from non transduced, pretrcatnicnl PBMCs from this pa- 
tient also contained some adenosine dcan^inating activity (Table 



1). Thh cell line had been stimulated with phytohcmoagglu- 
linin (PHA) and JL-2. grown for 4 weeks, cr^'opreserved for 4 
years, thawed, and grown again for 3 weeks. PBMCs obtained 
by venipuncture from the patient prior to therapy and not cul- 
tured had never shown any significant ADA activity. We and 
others have observed thai upon occasion T cells from 
ADA(~)SCID patients will exhibh increased ADA enzyme ac- 
tivity upon in vitro activation and culture (Arredondo-Vega ef 
at., 1990). This finding raised the possibility that the increased 
ADA activity in post-treatment patient PBMCs might represent 
recover>' of expression of an endogenous ADA gene or ampli- 
ficauon of another enzyme that could deaminate adenosine. 

In normal cells adenosine deaminating activity is largely due 
to ADA enzyme, whereas a nonspecific aminohydrolase con- 
tributes approximately 1 % of the activity. These two enzymes 
can be distinguished by use of the enzyme inhibitor EHNA 
(Schrader et al., 1978; Daddona et aL 1981; Raiech and 
Hirschhom, 1981). ADA is inhibited by EHNA whereas the 
nonspecific aminohydrolase is not. (All ADA values in Fig. 1 
are EHNA sensirive.) In theory cells overexpressing either en- 
zyme would have a survival advantage as they were activated 
and expanded in vitro for i 0 days as part of the treatment pro- 
tocol. To investigate this possibility, cultured pretreatmcnt cells 
diat had shown ADA activity were reassayed with the use of 
EHNA as a specific inhibitor of ADA enzyme (Table I), ft was 
found that half of the adenosine deaminating activity in these 
cultured cells was EHNA resistant and therefore represented 
amplified activity of the nonspecific aminohydrolase. 
Nonetheless, some authentic, EHNA sensitive ADA enzyme ac- 
tivity was also present in these cultured cells. 

This raised the possibility that in the course of treatment a 
spontaneous reversion of the mutations in the patient's cells 
may have occurred. The mutations for this patient have been 
described (Santistcban ei ai, 1 993). One mutant allele (A) con- 
tains a Gly216 > Arg point mutation in exon 7 that creates a 
new Bst XT restriction site. .^ patient homozygous for this point 
mutation had less than 1 % normal ADA activity and a severe 
clinical immunodeficiency (Hirschhom ei aL, 1991). The other 
allele (B> is a splice site mutation in intron 5 (a T-i- 6 > A 
trans vei*sion) that eliminates exon 5 from mUN.A, resulting in 
a mRNA reading frame shift and a premature .stop signal at 
codon 131 (in the middle portion of the protein). 

Given the nature of tlie splice site mutation, it could be .spec- 
ulated that con ect splicing might occur in culture-activated lym- 
phocytes and be responsible for producing normal ADA pro- 
tein. To evaluate this possibility, PBMC saniplcs from five lime 
points were subjected to RT-PCR using primers from exon 5 
and a distal untranslated portion of exon 12. This primer set 
will nor amplify vector sequences because the vector lacks this 
untranslated portion of ADA exon 12 and will not amplify im- 
properly spliced mRNA from the endogenous allele B because 
such splicing eliminates exon 5. If proper splicing were occur- 
ring, two species of RT-F*CR prnducvs should be seen in the 
PBMCs: one possessing the cxtni Bs! XI site (from allele A 
with the point mutation) and one lacking this site (allele B). 
Following Bst XI digestion, mutant A yields a 485-bp product 
whereas the wild-type allele would yield a 596-bp product. 
Figure 2 demonstrates thai in none of the samples analyzed w«'\s 
there evidence of properly spliced mRNA lacking the point mu- 
tation as judged by the lack of the 596-bp Dsi Xl-digcstcd RT- 
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FIG. 2. KT-PCK aaaiysis of endogenous (non vector) ADA- 
inRNA. A 0.3-fLg amount of cDNA was amplified with PGR 
using vectors lhat were specific for endogenous ADA and ihat 
fail to amplify LASN vector-derived mRNA. Each PGR prod- 
uct was split into three aliquocs and digested with: no enzyme 
(-X Bst XI (X) or 11 (G). Normal and mutant ADA genes 
should both produce an S24-bp band that reduces to 420 bp 
with D^ql II digestion. (The larger bands in the "G" lanes rep- 
resent incomplete digestion with II.) Bst XI digestion of the 
PGR pnxiuct fmm a normal gene yields a 596-bp band, whereas 
the mutajii ADA gene which contains an additional Bsr XI site 
yields a 485 -bp band. Samples are from the patient on the study 
day indicated or from. a normal human donor. The bands cor- 
responding to days 115, 381. and 500 represent an overnight 
exposure of the blot whereas the bands from days 707, 1,252, 
and the nomial donor arc from a 3-hr exposure of the same blot. 



PGR product. Thus, it is very unlikely that the increased ADA 
activity in vivo came fa^m reversion of either the point muta- 
tion in the one gene or proper splicing of the allele witii the 
splice site mutation. The analysis does not exclude the possi- 
bility that some post-translaiional modification of the Gly216 > 
Arg mutant enzyme contributes to the increased ADA activity 
in the vector-negative cultured T cells, but no precedent for 
such a mechanism has been reported. 



lymphocytes v/as only 0.1-1% <jf that seen in vector-treated 
control fC562 or TJH-2 tran.sformed cell lines. This dllTcrencc 
may be due lo ditTercni selection pressures. The transformed 
cell lines were selected in vino with G4 1 8 whereas the patient's 
lymphocytes were not. It is highly likely thai in vivo there was 
selective pressure for lympliocytcs with greater ADA activity. 
Tran.sdi[ciion efficiencies wcixr only I - \ 0%, yet over the 3 years 
of obsei-vniion the paiportion of PBMCs that contained l^ASN 
vector increased :ls judged by Southern blots. 

An alternate explanation for differences in vector activity is 
that there air inherrnt differences between transformed and 
nontransfonned cells that affect retroviral vector expression. If 
ihi.s proves to be the case, the common use of continuously 
growing, transformed cell lines in the design and testing of ge- 
netic vectors may be misleading if the inientled use of the vec- 
tors is transduction of normal cells. 

The clinical course of this and another patient Created with 
activated, expanded autologous lymphocytes exposed to tiie 
retroviral ADA vector has recently been described (Blaese et 
uL 1995). The exact contribution of retroviral ADA gene trans- 
fer relative to other comixments of therapy (e.g., infusion of ac- 
tivated autologous lymphocytes and ongoing treatment with 
parenteral ADA enzyme) to the observed clinical improvement 
is difficult to assess without a randomized prospective trial. 
Nonetheless, the clear demonstration of vector activity in this 
pilot study demonstrates thai therapeutic retroviral vector-me- 
diated gene transfer in humans is technicaUy feasible and jus- 
tifies other clinical trials. The observation of long-term ex- 
pression of vector genes in T lymphocytes in vivo suggests other 
apphcations. T lymphocytes survive for many years in im- 
munologically normal hosts. Given their longevity and the ease 
with which they can be collected and manipulated in vitro, lym- 
phocytes may be attractive vehicles for disorders other than im- 
munodeficiencies in which long-term gene expression and sys- 
temic protein delivery is necessary. 



DISCUSSION 

This molecular analysis of the extent and duration of ex- 
pression of transgenes introduced into human peripheral T cells 
with retroviral vectors has demonstrated that prolonged trans- 
gene expression in vivo is possible with the current generation 
of retroviral vectors when used in primary T ceils. It has been 
observed in some experimental systems lhat in nontrans formed 
cells retroviral vector genes expressed in vitro may cease to be 
expressed when the vector-modified cells are returned to the 
living host (Palmer et ciL 1991). This experimental observa- 
tion, as well as the observation that .some vector-negative lym- 
phocyte lines from this ADA-deficient patient exhibited some 
ADA activity, made it important to evaluate expres.si()n of the 
retroviral ADA vector critically. 

The denmnstration of NPT activity and vector mRNA in the 
patient's lymphocytes provides positive evidence for long-term 
expression. The failure to identify any reversions from the pa- 
tient's mutant ADA genes also strengthens the conclusion that 
the increased ADA activity in the patient's lymphtxyles was 
due to successful transfer and expression of the vector. In these 
studies we observed lhat the magnitude of expression in patient 
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Successful Peripheral T-Lymphocyte-Directed Gene Transfer for a Patient With 
Severe Combined Immune Deficiency Caused by Adenosine Deaminase Deficiency 

By Masafumi Onodera, Tadashi Ariga, Nobuaki Kawamura. Ichiro Kobayashi, Makoto Ohtsu, Masafumi Yamada, 
AtsushI Tame, Hirofumi Furuta, Motohiko Okano, Shuzo Matsumoto, HitoshI Kotani, Gerard J. McGarrity, 

R. Michael Blaese, and Yukio Saklyama 



Ten patients with adenosine deaminase deficiency (ADA~) 
have been enrolled in gene therapy clinical trials since the 
first patient was treated in September 1990. We describe a 
Japanese ADA~ severe combined immune deficiency (SCID) 
patient who has received periodic infusions of genetically 
modified autologous T lymphocytes transduced with the 
human ADA cDNA containing retroviral vector LASN. The 
percentage of peripheral blood lymphocytes carrying the 
transduced ADA gene has remained stable at 10% to 20% 
during the 12 months since the fourth infusion. ADA enzyme 

ADENOSINE DEAMINASE (EC3.5.4.4; ADA) is an en- 
zyme in the purine salvage pathway that is critical for the 
deamination of adenosine and deoxyadenosine and consequent 
formation of inosine and deoxyinosine, respectively. The defi- 
ciency of ADA impairs the function of the human immune 
system resulting in severe combined inmiunodeficiency (SCID) 
characterized by severe T lymphocyte dysfunction and agamma- 
globulinemia.''^ The clinical course of inherited ADA defi- 
ciency (ADA") ranges from the rapidly fatal, early onset of 
classical ADA" SCID to the minimally dysfunctional immune 
system of patients presenting "partial" ADA deficiency/-^ A 
recent review classified ADA deficiency into four types as 
determined by the age at clinical onset and suggested that diese 
variants are the result of different, specific mutations resulting 
in various severities of enzyme dysfunction.^ 

Although the current treatment of choice for ADA "SCID is 
an HLA-matched bone marrow transplant,^ less than one third 
of patients have access to an appropriate donor. An alternative is 
enzyme replacement using polyethene glycol-modified bovine 
ADA (PEG-ADA). This represents a life saving, but costly, 
therapeutic option for the patients that do not have an HLA- 
matched donor.^'^ Although enzyme replacement with PEG- 
ADA partially reconstitutes the immune function of most 
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activity in the patient's circulating T cells, which was only 
marginally detected before gene transfer, increased to levels 
comparable to those of a heterozygous carrier individual and 
was associated with increased T-lymphocyte counts and 
improvement of the patient's immune function. The results 
obtained in this trial are in agreement with previously 
published observations and support the usefulness of T 
lymphocyte-directed gene transfer in the treatment of 
ADA-SCID. 

e t998 by The American Society of Hematology. 

patients with ADA" SCID, a few patients have been unrespon- 
sive to PEG-ADA. 

The determination of the complete sequence of both the ADA 
cDNA'**-'2 and the genomic ADA structural gene*^ has facili- 
tated the molecular analysis of ADA~ patients and permitted 
identification of various genetic mutations in unrelated ADA" 
patients. Early identification of the mutant gene led ADA"SCID 
to become the first disorder to be treated by gene therapy. Two 
ADA "SCID patients who had manifested differing levels of 
severity of persistent inununodeficiency despite continuous 
treatment with PEG-ADA thus were enrolled in 1990.*^ Since 
then, 10 patients with ADA" SCID have undergone gene 
therapy as recently described. ^^^^^ The strategies adopted in 
these trials have differed and the efficacy of treatment has 
varied. 

We report the molecular analysis of the genetic defect in an 
ADA" SCID patient enrolled in the first gene therapy protocol 
in Japan and analyze the clinical results obtained during the first 
1 8 months of this clinical trial. 

MATERIALS AND METHODS 

Cell culture. B-lymphdblastoid cell lines (B-LCL) were estab- 
lished from our ADA"SCID patient, his parents and a healthy volunteer 
by Epstein-Bar Virus (EBV) transformation. B-LCL were maintained in 
RPMI-1640 medium (GIBCO-BRL, Grand Island, NY) with 10% fetal 
calf serum (FCS; GIBCO-BRL) and 50 mmol/L P-mercaptoethanol 
(Sigma Chemical Co, St Louis, MO). 

Sequence analysis of patient s ADA cDNA and genomic DNA. For 
the analysis of the ADA cDNA sequence, total cellular RNA was 
isolated from B-LCL using TRIZOL Reagent (GIBCO-BRL). First- 
strand cDNA was synthesized from 2 ng of total cellular RNA (First 
strand synthesis kit; Promega, Madison, WI). Full-length ADA cDNA 
Augments extending from the translation start site codon to 230 base 
pair (bp) 3' of the stop codon were amplified by reverse transcriptase- 
polymerase chain reaction (RT-PCR). Oligonucleotide primers for 
RT-PCR were as follows: sense primer; CCATGGCCCAGACGCCC- 
GCCTT, antisense primer, ACCATAGCCCATGTGCAAGGGC. Reac- 
tions containing 0.5 pL (2.5 U) Tag polymerase (TaKaRa Ex Tag. 
TaKaRa-Shuzo Co, Ltd, Tokyo, Japan) were incubated for 30 cycles of 
60 seconds at 92*'C. 90 seconds at 58X, and 180 seconds at 72*'C with 
the extension time at 72*'C increased to 10 minutes in the last cycle. 
Amplified products were isolated from 1.0% agarose gel and then 
subcloned into pCR II vector (Invitrogen, San Diego, CA). Sequence 
analysis of double-stranded DNA was performed using Sequenase 
version 11 DNA sequencing kit (Amersham Life Science, Arlington 
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Heights, IL) with [^^S]dATP (Amersham Life Science) and a series of 
ADA-specific primers. Amplified products were sequenced through a 
6% acrylamide gel (National Diagnostics, Atlanta, GA). To analyze the 
ADA genomic sequence, high molecular DNA was obtained from 
B-LCL by standard techniques.'^ Primers and PCR conditions for 
amplification of ADA all exons have also been described previ- 
ously. ''"^^ Amplified products were isolated from agarose gel and 
sequenced directly using the Thermal Cycler DNA sequencing kit 
(Circum Vent; New England Biolabs Inc. Beverly, MA). ADA cDNA 
sequences are numbered relative to the start site of translation and 
genomic DNA according to Wiginton et al.'^ 

Southern blot analysis. High molecular weight DNA from B-LCL 
was digested with restriction endonuclease Rsa I, separated in 1.0% 
agarose gel, and transferred onto a nylon membrane (Biotrace HP; 
Gelman Sciences, Ann Arbor, MI). Filters were then hybridized to a ^'P 
randomly labeled 444-bp Rsa \-Psl I fragment from the ADA cDNA. 

Retroviral-mediated gene transfer into patient's peripheral T cells. 
The clinical protocol used here has been described elsewhere.^^ Briefly, 
peripheral T lymphocytes from the patient were obtained by apheresis 
(CS3000 plus, Baxter Corp, Chicago, IL), isolated by density gradient 
centrifugation, and then maintained in AIM-V medium (GIBCO-BRL) 
supplemented with 5% FCS (GIBCO-BRL), 100 U/mL of recombinant 
human IL-2 (rIL-2, SHIONOGI, Osaka, Japan) and 10 ng/mL of 
anti-CD3 antibody (Orthoclone 0KT3 Injection; Ortho, Raritan, NJ) in 
gas-permeable culture bags (Nipro Pretobag; Nishyo, Osaka, Japan). 
After 72 hours, half of the medium was removed and replaced with 
supernatant containing the LASN retroviral vector^-^ supplemented with 
interleukin-2 (IL-2) and 10 |ig/mL of protamine (Shimizu, Shimizu 
City, Japan). The LASN supernatant, prepared under Good Manufactur- 
ing Practices guidelines, was supplied by Genetic Therapy Inc (Gaithers- 
burg, MD). The transduction procedure was repeated twice following an 
optimized transduction protocol combining low-temperature (32®C) 
incubation and centrifugation.^^ After two rounds of transduction, the 
virus supematant was replaced with fresh medium supplemented with 
IL-2 and the cells were cultured for an additional 6 days. At the 1 1th day 
of culture, the cells were harvested and washed extensively with saline 
containing 0.5% human albumin and then reinfused into the patient. 

Analysis of the inserted proviral genome by semi-quantitative PCR. 
Sense (GAGGCTGTGAAGAGCGGCAT) and anti-sense (CTC- 
GAAGTGCATGTTTTCCT) primers were designed to match the 
sequence of the start site of exon 7 and the end of exon 8, respectively. 
Using these primers, the amplification of DNA samples from vector- 
containing cells generates two bands; the larger one (250 bp) derived 
from the endogenous ADA gene containing intron 7 (76 bp) and the 
smaller one (174 bp) from the LASN provirus. To evaluate the 
frequency of transduced cells in the patient's peripheral blood, a 
standard curve was prepared from a serial dilution of in vitro-transduced 
and G418-selected B-LCL with untransduced cells. The ratio of the 
amount of amplified ADA cDNA derived from the integrated vector and 
the amplified genomic sequence was calculated after hybridization with 
an ADA cDNA probe. 

Thin-layer chromatography (TLC) analysis of ADA enzyme activity. 
Mononuclear cells were washed twice with phosphate-buffed saline to 
remove FCS and then suspended in 1 00 mmol/L Tris, pH 7.4 containing 
1% bovine serum albumin. Cell lysates were obtained by 5 rapid 
freeze-thaw cycles. Cellular debris was removed by centrifugation and 
the lysates were stored at -80**C until used. ADA enzyme activity was 
assayed by the measurement of the conversion of [*^C] adenosine 
(Amersham Life Science) to ['^C] inosine and ['^C] hypoxanthine 
followed by TLC separation of the reaction products performed as 
previously described.^^ The results were expressed as nanomoles of 
inosine and hypoxanthine produced per min by 10^ cells (nmol/min/10^ 
cells). 
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RESULTS 

Clinical course. The patient is a 5-year-old Japanese male. 
Symptoms including a chronic productive cough and a purulent 
nasal discharge began at 8 months of age. At 10 months he 
developed respiratory distress and was hospitalized for the 
treatment of severe pneumonia that was unresponsive to 
antibiotics. On admission at age 10 months, the parient had 
lymphopenia (absolute lymphocyte count 520/|iL), with few 
mature T and B lymphocytes (CD3, 125/mL; CD4, 62/nL; CDS, 
41/nL; CDI9. 26/^L) and low serum Ig levels (IgG, 342 mg/dL; 
IgA, 1 8 mg/dL; and IgM, 60 mg/dL). Both humoral and cellular 
immunity were defective, with imdetectable isohemagglutinins 
and absent T-cell proliferative responses to phytohemaggluti- 
nin, Concanavalin A, and pokeweed mitogen. Since ADA 
activity in his red blood cells (RBCs) was undetectable and the 
deoxyadenosine triphosphate (dATP) level was 506 nmol/mL 
RBCs (normal <2 nmol/mL), the diagnosis of SCID due to 
ADA deficiency of the "delayed onset'* type^ was established. 
In the absence of a suitable bone marrow donor, PEG-ADA 
therapy was initiated at 1 5 months of age and supplemented 
with intravenous Ig (IVIG). After treatment with PEG-ADA 
(37,5 U/kg/wk), the plasma ADA activity in the patient's 
peripheral blood increased from 0.14 to 53.15 )miol/h/mL and 
the peripheral blood lymphocyte (PBL) count increased to the 
range of 1,000 to 2,000/jiL. Despite continuous PEG-ADA 
treatment, however, his Ig levels remained below normal and 
the lymphopenia recurred during the second year of enzyme 
replacement. The PBL count decreased to less than 1,000/^ 
with CD3^ cell counts of 400/fiL before the start of gene 
therapy (PBL, 702/nL; CD3, 400/^L; CD4, 205/nL; CDS, 
191/|iL; CD19, 57/^L on protocol day 0). 

Identification of mutations responsible for ADA deficiency. 
To analyze mutations in our patient, we amplified full-length 
ADA cDNA firom the patient's EBV transformed B-LCL by 
RT-PCR. Sequence analysis revealed that all of the clones (6/6) 
carried a G^^^ to A transition resulting in replacement of the 
arginine residue by histidine at codon 211 (Fig I A). The 
mutation eliminates a recognition site for the restriction enzyme 
Rsa I. We took advantage of this feature to distinguish the 
mutated allele from the normal allele High molecular weight 
DNA extracted from the patient's B-LCL was digested with Rsa 
I, blotted and hybridized to an ADA cDNA probe spanning the 
region from this mutation site in exon 7 to the end of exon 1 1 
(Fig IB). Rsa I digestion showed both a normal (3.1 kb) and a 
larger fragment (4.4 kb) in the patient lane, indicating that the 
patient was heterozygous for loss of the Rsa I recognition site in 
exon 7. To determine the parental derivation, amplified genomic 
fragments spanning intron 6 to intron 9 of the patient and his 
parents were digested with Rsa I and electrophoresed in 2% 
agarose gel (Fig IC). The patient's digestion pattern was 
identical to that obtained from the analysis of the father's DNA, 
indicating that this mutation was derived from the paternal 
allele. 

Northern blot analyses showed that the quantity of the ADA 
message from both the patient and his mother was reduced to 
approximately half of control (data not shown). All cDNA 
clones carried the paternal missense mutation, suggesting that 
the mutation derived from the maternal allele resulted in 
imdetectable mRNA. To characterize this mutation, we ana- 
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Fig 1. Characterization of the paternal missense mutation. (A) Sequence (sense) 
of amplified cDNA subclones from a control (left) and the patient (right). The position 
of the G"^ — * A transition is indicated by arrows next to the sequence ladder. (B) 
Identification of heterozygosity for the missense mutation. DNA samples from a 
control (lane 1) and the patient B'LCL (lane 2) were hybridized to a radiolabeled 
444-bp Rsa \-Pst I cDNA probe extending from the mutation site to the end of exon 1 1 
after Rsa I digestion. The normal Rsa I sites are at base pair 27.276 in exon 6, 28,516 in 
exon 7, and 31,671 In intron 11, predicting a 3.154-kb band hybridized to the probe in 
normal control, while toss of Rsa 1 site in exon 7 results in a larger band (4.394 kb). (C) 
Determination of the paternal mutation. Amplified genomic fragments (739 bp) from 
intron 6 (base pair 28377) to intron 9 (base pair 29115) were digested with Rsa I and 
electrophoresed In 2.0% agarose gel, and stained with ethidlum bromide. The 
fragment has one Rsa I recognition site at base pair 28,517 in exon 7, predicting 141- 
and 598-bp fragments. Loss of the Rsa I site by the mutation results in an undigested 
fragment 



lyzed exons 1 to 1 1 by PGR amplification of genomic DNA and 
direct sequencing. Sequence analyses of the amplified frag- 
ments including exon 2 showed the patient to be heteroallelic 
for a splice site mutation at the first position of intron 2 
(G"*"' — ► A transversion) (Fig 2A). This mutation eliminates a 
recognition site for the restriction en2:yme BspMl. BspMl 
digestion showed that the patient and his mother were heterozy- 
gous for this mutation, while the father showed a normal 
individual digestion pattern (Fig 2B). Reports of mutation 
analyses of other patients have shown that a mutation affecting a 
mRNA splicing mechanism may give rise to a nonfunctional or 
unstable mRNA.^^'^' This mechanism is also supported by the 
fact that Rsa I digestion showed that all full-length cDNA 
clones (48/48) from the patient's B-LCL carried the paternal 
Q632 tQ ^ missense mutation. 

Retroviral mediated gene transfer into peripheral T cells. 
At the age of 4, the patient was enrolled in a clinical gene 
therapy trial that repeated the protocol of the first gene therapy 
experiment at the National Institutes of Health (NIH) in 1990.^2 
The patient's peripheral mononuclear cells, obtained by apher- 
esis, were stimulated with lL-2 (100 U/mL) and anti-CD3 
antibody (0KT3; 10 ng/mL). After 72 hours of stimulation, they 
were transduced twice during the next 48 hours by exposure to 
the ADA retroviral vector LASN, expanded 20- to SO-fold in 
number by culturing for 6 days after the beginning of transduc- 
tion, and then reinflised into the patient (see Materials and 
Methods). No selection procedure to enrich for gene-transduced 



cells was performed. Semiquantitative PGR of the cells in the 
first and second infusions revealed that the frequency of the 
vector-carrying cells ranged from 3% to 7% (data not shown). 

Clinical course after gene therapy. The patient received a 
total of 10 infusions over the 1 8-month period (Fig 3). A striking 
increase in lymphocyte number was observed early in the trial, 
followed by a gradual return to the basal level. This was 
followed by a sustained increase after the 8th infusion (protocol 
day 322) and the patient's PBL count has since remained in the 
normal range (PBL, 1,980/jiL; CD3, 1,822/nL; CD4, 240/nL; 
CD8, 1,538/nL; CD19, 154/jiL on protocol day 429). Progres- 
sive inversion of GD4/GD8 ratio has been observed since the 
4th infusion due to an increase of the absolute CDS"^ cell count. 
This phenomenon is thought to be the result of preferential 
proliferation of GD8'*" cells during in vitro culture and transduc- 
tion. ADA enzyme activity, nearly undetectable in the patient's 
lymphocytes before gene therapy, also increased progressively 
after the 7th infusion (protocol day 252) and reached 27 U on 
protocol day 476, which is approximately comparable to that of 
a heterozygous carrier individual (the patient's mother, 34.8 U). 

The number of transduced cells in the patient's peripheral 
blood were assessed by semiquantitative PGR using PBL 
obtained before each infusion (Fig 4). The frequency of the 
genetically modified cells increased with the number of infu- 
sions of the ADA gene transduced lymphocytes and exceeded 
10% of total circulating mononuclear cells just before the 5th 
infusion (on protocol day 126; Fig 4, lane 4). The frequency 
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Fig 2. Identification of the maternal mutation at the splice donor 
site in intron 2. (A) Sequence (sense) of the exon 2/intron ZJunction in 
amplified genomic DNA. Genomic fragments containing exon 2 were 
amplified from a control (left) and the patient (right) and sequenced 
directly. A mutation at the splice donor site in intron 2 (G^^ — > A) is 
indicated by arrows. (B) Detection of the splice site mutation by the 
BspM] digestion. Amplified genomic fragments (690 bp) from intron 1 
(bp 14,901) to intron 2 (base pair 15,590) was digested with BspM\, 
eiectrophoresed in 2.0% agarose gel, and stained with ethidium 
bromide. The fragment has two SspMI recognition sites at bp 15,282 
and 15.344, predicting 62-, 246-, and 382-bp fragments in the conUol 
lane. Lass of the SsplVll site (base pair 15,282) by the mutation results 
in the undigested fragment (308 bp). Lane 1, control; lane 2, father; 
lane 3, mother; and lane 4, patient. SspMI digestion shows the 
patient and his mother were heterozygous for the splice site muta- 
tion. 

measured before each of the 6th through 10th infusions (on 
protocol days 2 10 to 462) has remained stable at 10% to 20%. 

To evaluate the functional consequences of the ADA enzyme 
activity that had been induced by gene transfer, we compared 
the patient *s immune function before and after the treatment 
(Table 1). Eleven months after beginning gene therapy, the 
patient's isohemagglutinin titer (IgG) increased from undetect- 
able to 1:16 and delayed-type hypersensitivity (DTH) skin test 
responses became stronger. The interval between IVIG infu- 
sions which were given monthly before gene therapy, was 
widened and evenmally stopped after gene therapy. Despite 
this, the patient's serum Ig levels gradually increased and have 



remained normal for more than a half year without additional 
IVIG treatment (Fig 3 and Table 1). These results suggest that 
the accumulated genetically corrected T lymphocytes in the 
patient's peripheral blood are associated with improvement of 
cellular and humoral inunune responses and an increase in his 
circulating lymphocyte count. Although he sometimes became 
transiently febrile after infusions, the patient showed no serious 
adverse reactions to the treatments. 

DISCUSSION 

Advances in molecular biology during the past 3 decades 
have suggested that gene transfer could provide a new approach 
to the treatment of inherited diseases as well as acquired 
disorders such as cancer and acquired immune deficiency 
syndrome.^^ The number of active gene therapy protocols has 
increased greatly since the first clinical gene therapy trial.^' 
ADA'SCID is one of the few early candidate disorders suitable 
for such interventions.^® Accordingly, 10 ADA'SCID patients 
have been enrolled in gene therapy clinical protocols that 
employed different strategies, retroviral vector designs, and 
target cell populations. The results obtained from these trials 
have recently been reported. ^"^'^ 

This trial of gene therapy for an ADA~SCID patient in Japan 
began in August 199S. Over the next 18 months he received a 
total of 10 infusions of cultured-expanded autologous T cells 
that had been transduced with the LASN retroviral vector. After 
an initial period of fluctuating counts, the patient's T cells 
stabilized in the normal range and this has been sustained for the 
last half year. The frequency of integrated provirus in the 
patient's peripheral blood increased to approximately 15% (0.1 
to 0.2 proviral copies/cell) by the 4th infusion and has remained 
stable since that time. The patient's cell associated adenosine 
deaminase enzyme activity has increased from barely detectable 
before treatment to values approaching those found in the 
peripheral mononuclear cells of his heterozygous carrier mother. 
Delayed hypersensitivity skin tests, a measure of T-cell func- 
tion, have improved. Isohemagglutinin titers have also in- 
creased and his dependence on infusions of normal gammaglobu- 
lin has eased. The patient has gained 3 kg in weight during this 
trial. He is still receiving periodic PEG-ADA replacement and is 
attending public school with no more infections than his 
classmates. 

The period of observation has simply not been sufficient to 
assess the full breadth or the duration of this improved clinical 
status and immune responsiveness. Further, additional studies 
will be required to reconcile the apparent dissociation between 
the level of T-cell ADA observed and the proportion of cells 
containing integrated vector at different time points. Also, the 
effect of withdrawal of the exogenous PEG-ADA treatment 
must await more complete characterization of the quality of the 
patient's immune system and the repertoire of specificities 
represented in the transduced T-cell population. 

Four gene therapy clinical trials including 10 ADA~SCID 
patients have been performed since the first trial in 1990. 
Although these trials provided much data that suggested how 
future gene therapy might be improved by changing retroviral 
vector design, transduction methods and target cell populations, 
we found it difficult to compare the efficacy of these various 
trials because of differences inherent within these basic strate- 
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Fig 3. Clinical course before 
and after gene ttierapy. Gene 
therapy started on August 1, 
1995 (protocol day 0) with the 
patient receiving a total of 10 
infusions to date. PEG-ADA 
therapy was initiated at IS 
months of age. The lymphocyte 
count is indicated by a solid line 
and CD4/CD8 ratio wa$ mea- 
sured using PBL before infusion. 
ADA activity shown by a solid 
bar is expressed as nanomoles 
of inosine and hypoxanthine pro- 
duced per minute by 10* cells. 
Replacement of IVIG after gene 
therapy is shown as an arrow. 
The patient received a Ig replace- 
ment (2.5 g) monthly before gene 
therapy. 



gies. Our trial has been performed following the identical 

protocol and vector preparations and autologous T lymphocyte 
isolation procedures that were used in the NIH trial. From this 
perspective, our trial provides an additional opportunity to 
evaluate die efifectiveness of peripheral T lymphocyte-directed 
gene therapy for ADA'SCID patients. Interestingly, the clinical 
course of our patient is quite similar to that observed in patient 1 
in the NIH trial. Both trials have shown high gene transfer 
efficiency, remarkable increase of the ADA enzyme activity and 
eventual improvement of inunune function. In contrast, patient 
2 in the NIH trial experienced a low gene transfer efficiency and 
no significant increase in the ADA enzyme activity even though 
she exhibited some increase in inmiunological function. Al- 
though the factors leading to this difference have not yet been 
completely identified, a striking difference in the transduction 
efficiency of peripheral T cells between the three patients may 
be relevant. Transduction efficiencies before inftision were 3% 
to 7% for the present case, 1% to 10% for patient 1 and 0.1% to 
1% for patient 2 in the NIH trial. An abbreviated proliferative 
capacity of patient 2 in the NIH trial was also observed. In 
addition, a contribution of the development of an inunune 
response to the neomycin resistance gene must be considered 
since the existence of dominant selectable markers of nonhu- 
man origin may result in unwanted immune reactivity that could 
eliminate or functionally impair transgene-expressing cells.^' 



The severity of the underlying ADA gene defects could also 
affect gene transfer, in addition to the mutation analysis 
reported here, specific ADA gene defects have also been 
reported for the two NIH patients.^^ These three cases can be 
classified by the severity of their clinical presentation. Both the 
present case and patient I in the NIH trial are of the "delayed 
onset" type, have splice site mutation defects and have achieved 
significant levels of "gene-corrected" circulating cells. How- 
ever, the NIH patient 2 carries compound missense mutations 
and has manifested low transduction efficiency despite her less 
severe "late onset" type of presentation at age 5. Although there 
are insufficient numbers of treated patients to draw firm 
conclusions at this point, it does appear thus far that the 
responses of patients with "more severe" gene defects and 
clinical presentations are at least as responsive as cases with 
"milder ADA defects." 

It should be noted that the ADA gene transduced T lympho- 
cytes possess a selective advantage over the nontransduced cells 
due to the latter 's high intracellular concentration of deoxyadeno- 
ADA" newborn trial using gene-corrected 
CD34'^ cells obtained from the patient's umbilical cord blood, 
LASN vector was detected in the peripheral blood T cells of 
these patients at a stable frequency of approximately 0,01% 
during the first 18 months of observation. Then, after a 50% 
reduction in their weekly dose of PEG- AD A, the proportion of 
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Fig 4. Semiquantitative PCR analysis to evaluate the frequency of vector-carrying cells in the patient's peripheral blood. Patient's 
mononuclear cells were obUined before the indicated infusion: before gene therapy (lane 1), 2nd infusion (protocol day [D] 21-lane 2), 4th 
infusion (D 98-tane 3). 5th infusion (D 126-lane 4), 6th infusion (D 175-lane 5), 8th infusion (D 322-lane 6, and 10th infusion (D 462-lane 7), and 
assayed for the frequency of vector containing cells by semiquantitative PCR. A standard was prepared by diluting cells containing the LASN 
vector with nontransduced cells. The ratio was determined by comparing the density of the cDNA derived band to that of the genomic DNA 
derived band. 
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Table 1. Isohemagglutinin Titer, DTH Skin Test Reactivity, 
and ig Levels Before and After Gene Therapy 



Before After 



Isohemagglutinin titer 


OgG) 


<2 


16 


OTH skin test (mm) 


PPO* 


8X7 


12 X 10 




Candida 


3X3 


18X9 




Tetanus 


N.O. 


6X5 


Igs 


IgG 


720 


811 




IgA 


20 


53 




igM 


84 


128 



Isohemagglutinin titer and DTH skin tests were tested using stan- 
dard protocols before gene therapy (t>efore) and at 1 1 months after 
the beginning of gene therapy (after) while on PEG-ADA. The patient 
serum Ig levels were measured just before the Ig replacement on 
protocol day -60 (before) and 478 (after). The patient received the last 
Ig replacement at protocol day 348. 

*The patient had been immunized with BCG at 5 months of age. 



ADA vector-containing T cells in the blood increased to 
approximately 10% in each case (D.B. Kohn, personal commu- 
nication, September 1995). In the present case, the dosage 
schedule of PEG- ADA enzyme has remained constant since the 
beginning of the trial (18 U/kg/wk on the protocol day 431), 
during which time the patient's immune function has substan- 
tially improved. It might be expected diat the proportion of the 
transduced cells in the patient's PBL will increase as the 
PEG- AD A dosage is decreased. 

To date, three clinical trials have been performed to assess the 
possibility of treating ADA'SCID patients by correcting hema- 
topoietic progenitor cells. '^ '^ The results obtained from these 
trials suggest that cord blood provides a stem cell population 
more suitable for efficient retroviral-mediated gene transfer 
than does bone marrow. Taken with the observations made in 
the NIH trial, our results strongly suggest that the effectiveness 
of T lymphocyte-directed gene transfer is a viable addition to 
the treatment programs that should be considered for ADA'SCID 
patients. After additional courses of treatment and continued 
observation to determine the breadth and durability of these 
positive responses, we hope to reduce or eliminate exogenous 
ADA enzyme supplementation in this patient. Improvements in 
vector design to permit higher levels of ADA expression and 
innovative strategies that provide greater eflBciency of stem cell 
gene transduction may make gene therapy the treatment of 
choice for ADA"SCID patients. 
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